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Table 15.87. The symbols of functional erouns of alkvl aldehvdes. 


functional Group 


vjiuujj oyniuvi 


uri2 (iormaiaenyde) group 


C-H [CH 2 ) (i) 


CH (aldehyde) group 


CH (i) 


CO 


C = 0(i) 


C-C(0)H 


C-C(0)H 


CH 3 group 


C-H (CH,) 


CH 2 (alkyl) group 


C-H (CH 2 ) (ii) 


CH (alkyl) 


C-H (ii) 


CC bond (n-Q 


C-C (a) 


CC bond (iso-Q 


C-C (b) 


CC bond (tert-C) 


C-C (c) 


CC (iso to iso-C) 


C-C (d) 


CC (t to t-C) 


C-C(e) 


CC{t to iso-C) 


C-C ff) 
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KETONES ( C n H 2 0, ;i = l,2,3,4,5...~) 

The alkyl ketones, C n H 2n O, each have aC = 0 moiety that comprises a functional 
group. Each of the two single bonds of carbon to the caibonyl carbon atom, C - C(O) , is also a 
functional group. The alkyl portion of the alkyl ketone may comprise at least two terminal 
5 methyl groups (Ctf 3 ) at each end of the chain, and may comprise methylene (CH 2 ), and 
methylyne (CH) functional groups as well as C bound by carbon-carbon single bonds. The 
methyl and methylene functional groups are equivalent to those of straight-chain alkanes. Six 
types of C-C bonds can be identified. The n-alkane C-C bond is the same as that of 

straight-chain alkanes. In addition, the C - C bonds within isopropyl ((C# 3 ) 2 CH) and t-butyl 

10 ((C77 3 ) 3 C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl 

C-C bonds comprise functional groups. The branched-chain-alkane groups in ketones are 
equivalent to those in branched-chain alkanes. 

The C = O and C - C(O) groups are solved by hybridizing the 2s and 2p AOs of each 

C atom to form a single 2sp* shell as an energy minimum, and the sharing of electrons between 

15 the C2sp 3 HO and the O AO or between two CZsp 3 HOs, respectively, to form a MO permits 

each participating orbital to decrease in radius and energy. In alkyl ketones, the C2sp 3 HO has 

* 

a hybridization factor of 0.91771 (Eq. (13.430)) with a corresponding energy of 
Elc,2sp 3 ) - -14.63489 eV (Eq. (15.25)) and the O AO has an energy of 

■ 

£(C>) = -13.61806 eV . To meet the equipotential condition of the union of the C = O H 7 - 

i 

20 type-ellipsoidal-MO with these orbitals, the hybridization factor c 2 of Eq. (15.52) for the 
C = 0-bond MO given by Eq. (15.114) is c 2 (C2sp 3 HO to O) = 0.85395 . The unpaired 
electrons created by bond breakage of the double C = O bond requires that two times the 02p 
AO magnetic energy E (Eq. (15.60)) be subtracted from the total energy to give 

E D [<kmJl (eV) for C = 0. 
25 As in the case with aldehydes, E T [atom- atom > msp l .AO} of the C = 0-bond MO in 

Eq. (15.52) due to the charge donation from the C and O atoms to the MO is -2.69893 eV 
which is an energy minimum for the double bond between the pair of Clsp 3 HO electrons of 
the C atom and the pair of AO electrons of the O atom. It is given as a linear combination of 
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the energy contributions corresponding to a double bond, -1.13379 eV (Eq. (14.247)), and a 
triple bond, -1.56513 eV (Eq. (14.342)). The triple bond contribution includes the C2sp 3 HO 
electron of the C - C(0) bond in addition to the pair involved directly in the double bond with 

O. Consequently, E T {atom-atom,msp\Ao) of the C - C(0) -bond MO is -1.44915 eV f 

■ 

5 corresponding to the energy contributions of the two C2sp l HOs to the single bond that are 
equivalent to those of methyl groups, -0.72457 eV (Eq. (14.151)). Since there are two 
C - C(O) bonds in ketones versus one in aldehydes, C lo = C, in Eq. (15.52) for each C - C(0) 

ketone bond. 

The symbols of the functional groups of alkyl ketones are given in Table 15.93. The 
10 geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. 
(15.6-15.11) and (15.17-15.55)) parameters of alkyl ketones are given in Tables 15.94, 15.95, 
and 15.96, respectively. The total energy of each alkyl ketone given in Table 15.97 was 
calculated as the sum over the integer multiple of each E D [cmq>) of Table 15.96 corresponding to 
functional-group composition of the molecule. For each set of unpaired electrons created by 
15 bond breakage , the C2sp* HO magnetic energy E mag that is subtracted from the weighted sum 

of the E d {g™ p ) (eV) values based on composition is given by Eq. (15.58). The bond angle 
parameters of alkyl ketones determined using Eqs. (15.79-15.108) are given in Table 15.98. 

Table 15.93. The symbols of functional groups of alkyl keto nes. 
Functional Group 1 Group Symbol | 



CO c = o 

C-C(O) ^ C-C(O) 

CH 3 group ' C-H(CH 3 ) 

CH 2 group 

CH C-H 
CCbond(n-C) C-C (a) 
CC bond (iso-C) C-C (b) 
CC bond (tert-C) C-C (c) 
CC (iso to iso-C) C-C(d) 
CC(ltot-C) C-C (e) 
CC (t to iso-C) C-C (f) 



WO 2007/051078 



610 



PCT/US2006/042692 





li 1 



«3 



5 



a 



CM 



Os 

a 

r4 



3 
r- 
o 



©s 

3 



s 



5 



3 



SO 



m 

sO 
rn 

•n 



3 
P 



oo 

IN 



vn 

«© 
m ■ 



o 
oo 
<N 



o 
oo 



r- 

CO 



cx 
o 



2 



«n 



«n Q.«o S 

1 e 



u ^ 

« 1m 9 

■ g - 3 



15 1 



~ 3 * 



2 3 

— o 



I i 



o 



S |ssJ 

=■«?="¥ 



u 

IT 5 
o c oo 2 



o 



XO 

5 



xf> 



rxi 
r- 



o 



o » 



o 



Sj 

-c 



o 

I 

ft 

I 

l 

c 



a. 

I 
# 

e 
a: 

ft: 

a; 

» 

ft: 

M 
4J 

^- 

3 
o 

M 



o 

u 
?S 
P 

D. 



"2 

o 

s 



g 
S 



o 

o 

1 



°1 



x> 

1= 





i 


3 


i 
i 


R 

d 


3 




R 
d 


1 

M 

d 


d 


8 

SA 

d 


to 

d 


CO 

oo 

»n 

d 


I 

OS 

d 


1 


1 

d 




s 

>o 

ci 


G 

3 


1 


I 






<• 


e 

00 






g 

OS 


(3 

Ss 


I 


S 

OS 
t 






f? 

2 




5 


n 




a 

a 


n 


CO 

o 
d 
ri 


I 


5 


5 

n 














OO 

°} 


2 

am 


»' 

o 
vo 

H 


IS 

o 


3 


s 

ti 


DO 

vd 

^* 


a 


e 

P. 
m 


OS 

«-. 


• 

•n 


£ 


1 


so 
Os 




8 
S 




p 


o 
«o 


01 

-«r 
K 
r- 


»- 


o 
« 


s 

SO 


SO 

vs 


« 
n 
•a 


?» 
*o' 
■* 


o 


1 


p 

ci 


s 






o 

«ri 

1 


V0 

o 

m 

n 


X0 

•a 

to 


K 

o 

3 

3 


OS 

5 


K 


O 

3 

• 3 


R 

3 

* 


| 


| 


* 

fs-' 


R 


a 


p 


M 


t 


9 

. * 


3 

in 

• 


1 

T 


»^ 

Ox 

»» 


s 

• 


o 
<o 

• 


LA 

$ 


i 

SO 

* 


10 

1 


SO 

so 

e« 

OS 

r»' 
i 


O 
"s 

1 


s 

oo 
is* 

OS 
• 


s 

to 
o 
«r 


Ex 

K 




»> 

o 


d 


! 

d 


CO 

d 


0 

oo 

d 


OS 

» 

d 


d 


OS 

so 

§ 

d 


OS 

oo 

d 


i 

d 


? 
d 


i 


1 

i 


sri 
d 


i 


J3 


Q 
O 

o 






p 






E 


R 


R 


P 


P 


p 


p 

d 




p 




§ 


3 


? 

o 


s 


si 

d 


e 


o 


as 
d 


2 


OS 

d 


o 


o 


Os 

d 


Os 

d 






o 
w 

• 


i 

n 

■ 


i 

■ 


oo 
m 

r— • 

1 


3 

♦ 


s 
i 

• 


I- 

BO 

« 


Sjj 
"7 


■n 
• 


o 

so 
« 

• 


3 
t«"> 

? 

• 


OS 
Os 

PI 

*1 

■w 

«A 
t 


»•» 
to 
■o 

v» 

« 


OS 
OS 

« 


CQ 


o 


o 


o 


o 


o 


o 




o 


o 


o 


R 
9 




p 

d 

• 




r- 
■rs 

P 

9 


m 


o 


M 

•> 

R 


o 


o 


o 


o 


— 

? 


o 


o 


0S 

d 

■ 


«A 

d 
■ 


a 

OS 

9 


B 

9* 


R 

OS 

d 

• 


IS 

r- 

d 

■ 


. u ^ "O 


o 


9 


o 


CO 

a 

9 


o 


oo 

i 

9 


M 

s 


o 


•e 

§ 

9 


«o 

i 

9' 


9* 


SO 

9 


»- 

g 

9 


i 

9 


o 

I 


CO 


10 

3 

*» 
"7 


■ 


m 
•* 

P 

9' 


CO 
lr» 
«» 
<S 
t- 

9 


C9 

St 

O 

9' 


CO 

Os 

(SI 

OS 

f 


CO 

» 

9 


CO 
OS 

Sf 
9 


M 

s 

9 


oo 

1 

9 


oo 

OS 

M 
OS 

9 


•ft 

a 

OS 

9 


p 

9 


r* 

9 


I 

9 


E 
o 

*-* 

< 


O 






. « 








. * 


. -< 


. .* 


. < 








. * 
























t 




































\ 

n 




i 

#i 


c 
o 
CD 


o 

D 

(J 

OS 

ft; 


o 

a 

il 

af 

OS 


O 

t? 
1 

a: 


1 

LT 
af 
i 


? 

a: 
i 


? 

a: 

i 

■ » 


s^ 

a: 
i 

• 


I 

af 

aTS 
a; ^ 


i 

?: 

2-1 

s-i. 1 


1 

ft: 
l 

. » 

. » X) 

ft: ii 


aT 
.i 

¥ ? 

ft: ^ 


1 

ft: 
1 


?? 

Sw 

, u 

5: 

.» 
o: 

•c 

p 

Sw 

. 5 
a: 

J ^ 
1 • 


1 


a: 

. * 
. 5 

a? 

J £ 

^ V 

s^ 1 

1 ~ 



WO 2007/051078 



611 



PCT/US2006/042692 





C 

^ 1 

i a 

u 




o 


o 


*t 

o 




1— N 


«— • 

o 


o 


<S 


O 


o 


- 


<N 

© 
• 

On 

rs 
i 


m 
r> 
rs 
r» 

s 


6.90500 


o 

Nr-V 


NO 

*T 
O 

>o 

•n 

NO 

1 


o 


vo 

S 

«o 

•n 

in 

t 


-31.63535 


>o 

1 

> 


rs 

"O 

3 

r-i 
«? 


ro 

s 

NO 
"1 

ON 


O 

NO 


-0.16416 


rs 

fO r- 

» 

o 


-0.10260 


ro 
Q 
00 

•N* 

O 


-33.18712 


© 
OO 

ro 


o 


g 

ro 




So. 


- 


o 


o 


"1 

o 




»-• 






in 


o 


•a 

o 


- 


CN 
O 


r- 

R 


o 
o 

NO 
O 

o. 
VO 


o 

^. 


NO 

*r 
On 
NO 

3 

VO 
1 


© 


NO 
T 
On 

n 

IO 
1 


NO 

rr> 
NO 

s 

• 

•7 


VO 
On 

• 


to 

3 

o. 
ro 
ro 
■ 


SO 

NO 

NO 

©' 


rS 
o 

SR 
<S 

NO 


NO 

9" 


rS 

*> 

o 


© 

VO 

9 


I 

XT 

» 

o 


rs 

00 

si 


© 

DO 

^» 
I 


o 


00 

rs 
•— » 

to 

in 
© 

» 




So. 

w° 




© 


o 


NO 

a 

o 






o 


r-« 


rs 


o 


"1 

o 




■N3- 

5 


v% 
n 

On 


s 

NO' 


r- 

OO 


S 
•* 

NO 
NO 

NO 
1 


© 


i 

NO 
1 


a 


NO 

S3 

NO 

2 
i 


P 

fO 

© 

ro 
ro 
■ 


NO 

ro 
© 


p— • 

vd 


Jo 

NO 
SO 

5 


rs 

ro jrr 
im £* 

a 

o 


OS 

NO 

s 

. — . 


s 

OO 

XT 

o' 


p 

© 

to 
*7 


© 
TO 

t 


© 




2 & 




© 


o 


© 


- 




r» 
o 


O 


*S 


o 


m 
o 




*N 

» — • 

o 
On 


m 

n. 

On 


o 
o 
in 
o 

NO 


O 

NO 
NO 


NO 
VO 

»o 

No' 
t 


o 


NO 

15 

IO 

"l 

NO 
r— 
• 


»o 

«n 

NO 

eo 
SO 

7 


NO 
On 

• 


rM 

NO 

3 
© 
ro 


NO 
^» 
OO 

tf 


© 
© 


VO 
ON 

oo 
© 


rr 

On rr 

© zl 
p 

o 


-Nj" 

S! 
NO 


S 

oo 

* 

o 


ro 

* 

ro 
ro 
i 


s 

3 

1 


o 


oo 
© 

s 

to 


TaM» 1 S Q/» Tlift pn^rirv nflramrtc.it f ft\A of fiincrinnnl riTtUM of alkvl ketones. 


V B 
i° 


- 


o 


o 

1 — 


»o 

©' 


— 




»— « 

5\ 

o 


o 


IS 


o 


«n 
o 




r\j 
o 
r-» 

oo 


r« 

NO 


3 

NO 


r~ 
co 

rn 
TO 


C3 
TJ- 
NO 

*t 

•o 
T 


o 


s 

<o 

NO 
• 


IO 
NO 

NO 


NO 
ro 
09 
NO 
CO 

» 


ro 

r- 

ro" 

T 


Ov 
O; 

VO 
ro 

On 


© 

NO 

SO 


NO 

NO 
NO 

5 
■ 


oa 
r- 

on 57 
* 

o 


VO 

rs 

NO 

r- 
o 

9" 


s 
© 


ro 
© 

"N* 

* 

ro 
*? 


r> 
oo 
■tr 
rO 

NO 

N 


o 


>— « 
IS 

8! 


So. 

vl 


— 


o 


o 


«n 
6 




- 


© 

o 


o 


rS 


o 


no 

* 

o 


— 


"NT 

o> 

?? 


ON 


NO 


CM 
CO 

& 

»o 

fO 

a 


VO 

•n 

NO 
1 


© 


§ 

SO 
NO 

NO 

1 


NO 

ro 
NO 

? 


NO 

m 
00 
NO 
00 

• 


ro 

ro 
© 

CO* 
ro 
l 


O 

On 

NO 
fO 


© 

NO 
SO 


NO 

NO 

NO 

©" 
1 


rs 

o 


© 

«o 
ro 
o 

o 

• 


ro 
o 

OQ 
NNJ- 

o 


rN 
ro 

& 

NO 

ro 

•7 


^2 

OO 

s 

NO 

-* 

» 


o 


VO 

5s 

ro 
N«r 

s 

n 
"\ 

CO 


*§■ 


— 


o 


o 


Nn 

o 




— 


r» 
on 
o 


*- 






Ml 

o' 




o 
n 

*? 


O 
OO 
NO 

r» 
oo 

r*i 


f< 
OO 

& 
•NT 

o 


Si 

"? 


On 
00 

3 

1 


o 


<^ 
oO 
^» 

1 


R 

VO 

? 


© 


ro 

NO 

a 

»o 

• 


© 

NO 


rs 
© 

NO 


NO 

SO 

rs» 

O 
■ 


ro C 

° o 
IU 


© 
o 

p 

o 
o 

t 


§ 

oo 
■V 

o 


r~- 

R 

o 
r— 

• 

•7 


On 

ti- 
ro 

■ 


On 

NO 
1 


* 1 


IN 




o 


•o 

o 






r~ 

© 

O* 








no 

r-_ 
O 




•<? 

o 
• 


«s 

s 

NO 


NA 

5 

NO 

<=> 

p— • 

m 


fO 

«o 
O 
* 


o 

NO 

NO 

i 

NO 
» 


© 


S 

NO 
NO 
1 


fO 

On 
ft 

s 

© 

t 


o 


IO 

© 

XT 

NO 
©' 

T 


VO 

ot 

■NT 

rsi 


S3 

o. 

NO 


© 

NO 

<? 


oo 

rs vo 

ro 

«0 r^' 
NO U- 
ro — • 

d ^ 

<^ 


rs 

o 

NO 


s 

oo 

XT 

o 


s 

o> 
o 

«». 

© 
T 


© 
ro 

< 


1 
© 

ro 
■ 


NO 

a 
rs-' 


5"i 


ro 


rs 


o 


*n 
r-^ 

o 






l> 

9— 

© 
o 


© 


— 


ro 


no 

r: 
o 


— 


oo 
r>» 
r- 

o 
■ 


Si 

CO 


^ , 

On 

«n 

ir> 


•o 

«i 

»o 

• 


NO 

NO 

1 


© 


r» 
O 

s 

NO 
» 


NO 

NO 


o 


© 

NO 
© 

*9 


NO 

00 

© 
rs) 


NO 

3 

o 

■NT 

NO 


fSI 

VO 

•o 


OQ 

rS no 

to 

NO -~ 
NO Z- 
ro — . 

<=> C 

B 


r- 

NO 

a 

• 

9 


s 

OO 
*NJ 

©' 


© 

o* 
rs 
© 

• 

NO 

i 


3 

•o 
i 


NNT 

tt 

00 

© 

to 

1 


NO 
OO 

© 

■VT 

rs 

N— 


1 o 
u 




o 


o 


NO 

© 






© 


o 




o 






Oi 

o 

•7 


-<t 
r- 

3 

NTI 

o>" 


IT 

r- 
r- 


NO 
N9 

*7 


o 
oo 

to 

NO 

1 


o 


00 

© 
■ 


fO 
NO 

ro 

NO 

«o 

1 


NO 

© 

1 


IN 

NO 

oo 

°. 

ro 

•7 


IS 

NO 

On 
■VT 
SO 


© 

CO 

«o 

OO 

O 


CO 
VO 
tn 

fSI 

O 

I 


NO 

VO _ 

vo So 
o 


o 

* 

9 


s 

00 

2 

* 

o 


NO 

rs 
rs 

a 

ro 

•7 


© 

ro 
<! 

•N* 
• 


© 


s* 
r^ 

ro' 


O 9- 

" s 


rN 


o 


© 


no 

©' 






no 
Ok 
ro 
to 

00 

o 


IS 




o 


© 




s 

r» 

ev" 
o 

• 


rN 
«~i 

NO 

r» 

a 


NO 

m 

s 


«o 

S 

o 
co 

• 

o 

■ 


o 


NO 

"» 
o 

•n 

t 


NO 

«•» 


£ 
*i 

«o 
vo 
i 


*o 
© 
oo 
© 

NO 

oi 

1 


NO 

NO 
VO 

ON 
NO 


OO 

o 

I*" 

»o 


r* 

Os 

rs." 
ro 


ro 
o 

s 

9 


rsi 

NO 


rs 

r»- 

CN 

Ol 

o 

• 


1 

©" 


o 
«o 

NO 
NO 

NO 


On 

oo 
o 
• 


O 


O* 

r>- 

NO 

00 

r-_ 
r~' 


. 
i 

! » 
• 5 

I ja 


c" 








sj 


1 




. - 

■J 


k sf 




I > ■ 










u 

**** 


•u 

i 

'£5 


T 

J 

< 


u 

1 

. Q 
— i 


u 

•2 


c 

> 

* 

1 

1 

5 
c 


' — ' 


a 
o 

9 


^«» 
t» 


1) 

* JtJ 


u 


IV: 


ST 

VI 


Vl 
' — 

1 


*> 

1 

\ 

1 

1 

■ w 


2 

0 

!.] 

-C 


/~ 
y 

w 

,2 



WO 2007/051078 



612 



PCT/US2006/042692 



I 
s 

S 
2 



I 



III 

3,2,5 



O 

•H 

o 



t 



I 



I 



1 



1 



I 



5 



6 









- § 


2* S 
£1 


u 
» s 

si 

* 


— p 
& 




o 


^ — ^ 


if 






3^ 

S 

o 




— o 


«^s 

1 








3 


R 

s«-s 






*• 


| 


e 


o 

«n 

O* 


•J 

OS 


a 


SO 

o 


o 


toss— 




-a 

*sw* 

in 

s 


irfS8'3Pir:t:Fi23^2s = = = 




<©~;C 














































































6 






sO 
•A 










o 

srt 


_W MSfc — flU 1 - — tfaA K _k 

00000000<pOOvC>~000 




































ooooooooooooeoooo 




**i «> 


>o 

* 
t 


1 

j 
9 


t 


o 








o 






sO 

09 
v> 

00 

* 


o 


o 


SS 

3 

SO 

• 




OOsOOOOOOOOOOOCOOO 


o 

Br 
5 
eT 


VI 


Oh 
-s» 

2 


o 


s 

o 


s 

. — > 






K 






sss> 

o 


fen. 

M 

a 
$ 


M 

CO 

3 


2 

•aj- 

5 




























1 










* 


VJ 

1 

I 










o 
















so 

r- 
o 


p 

o 


srt 

r-. 
o 




ooooooooooooooooo 


i* 

. *- 

Uj 
•d 




































































OOOOOOOOr'tOO'rtOsrtOOO 


V 


























srt 

d 


■rt 

ei 


>rt 

5 




O0e0r4eor«ooo0«r40ov> 


r 

CO 

-6 
8 

Ql 


rt 


Os 
■O 

«o 
to * 

o 


OS 

<* 
a 


V 

s = 

•o w 

i 








- 






Ov 

5 

<$ 


§ 


d 


P 
3 


* 


o — m o m m ~> ©•»-•» — eeitve 


■S 

e 

6 

o 


iT j 


OH 

-sr 

v-k 
co 


<r- 
■<r 
>r> 

0 

o 


CO 

o 


0H 
>rt 

Q 

CO 

o 






Os 
trt 

3 

DO 

o 






Os. 

i 


Os 

? 

CO 

O 


S 

CO 

o" 
_. - 


HO 
Os 




oooo — © o — oooofs — oo-m 


a 

i 

a. 
a 
*S 

* 

v. 
o 

B 


J 5 ^ 

ill | 
'12 | 


»/* 


a 


o 


X 






X 






3 


— 








i 


T3 

8 

o 


Ji 


13 
5 

NO 

1 




1 

ri 


X 






X 






t) 


P 

■sr 

i 


so 
srt 

Ef ss t * 

•> 


p 

srt 




• 


• 

I 

i 


§ a 3* 

ill - 

IS,!* # 

*|I | 


a 




*\ 


r~ 






r- 






a 


SO 




SO 






'-"•TO 

5 

a. 

9 

•a 

s 

3 

c 
S 

5 

a 

IsVa 

O 

6 

u 


Jr 


■ 


i 
* 


c 

% 

• 


« 






53 
■» 

* 






r* 

so 
I 


it.* 

SO 


1 ,« 
«n 


fO 

srt 

k 






1 I 






3 

V 


3 

ri 






r* 

•rt 

—i 






CO 

«r> 

Os 
t~ 
•sT 




Q 


-ST 




8 


*}£ 


P 

SO 

W 

r«i 


r; 
to 

CO 

r* 


8 


«e 
o 

«4 












r~ 

•s* 

sn 

o> 
r* 


3 

EI 
r* 


OS 

o 

issi 


prt 

rsi 




s s B a i 

i M 80 5 

i sill Iff J ill 

X X I fcsf SI SIIISSCI SI 

c lj J c oj u a a c a a c j c3 o 


a. 
o 

6 




00 

r-i 


r- 
v> 
o> 


•rt 

r- 
rf 


S 

ri 






i 






|s» 
s» 
srt 

3 


5r 

srt 

o» 
of 


Srt 

OH 
fsi 


Pt 
rst 

s 
S 




5 

U 

F 
o 

id 
•s 


I 

1 


i£ 

O 


v. 

y 


O 

c 

N 




» > 


. .« 

^3 


*& 
"5 


it 


sj 


U 3 
N 




5» 1 


. »» 

5 


» ■ * 

5j 



WO 2007/051078 



613 



PCT/US2006/042692 



CARBOXYLIC ACIDS (CJJ u 0 2 , n = 1,2,3,4,5...«) 

The alkyl carboxylic acids, C n H 2n 0 2 , comprise a C - O functional group, and the single 
bond of carbon to the carbonyl carbon atom, C - C(0) , is also a functional group. Formic acid 
has a HC = 0 moiety that comprises a more stable C = O functional group and a CH 
functional group. All carboxylic acids further comprise a C - OH moiety that comprises C-O 
and OH functional groups. The alkyl portion of the alkyl carboxylic acid may comprise at least 
two terminal methyl groups (CH 3 ) at each end of the chain, and may comprise methylene 
(CH 2 ), and methylyne (CH) functional groups as well as C bound by carbon-carbon single 
bonds. The methyl and methylene functional groups are equivalent to those of straight-chain 
alkanes. Six types of C - C bonds can be identified. The n-alkane C - C bond is the same as 

that of straight-chain alkanes. In addition, the C-C bonds within isopropyl ((CH^CH) and 
t-butyl ((C# 3 ) 3 C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t- 
butyl C-C bonds comprise functional groups. The branched-chain-alkane groups in 

i 

carboxylic acids are equivalent to those in branched-chain alkanes. 

The CH functional group was solved in the Hydrogen Carbide ( CH) section except that 
the energy of the C-H MO is matched to the carbon-atom contribution XoLE hmq {mho) and 

E r (atom-atom,msp\AO) of the C-0 group. The alkyl carboxylic acid C = 0 and 
C - C(0) groups are equivalent to those given in the Aldehydes section except that E Kv(h is that 
of a carboxylic acid. The formic acid C = O group is solved equivalently to that of the alkyl 
carboxylic acid group, except that AE H M0 [*oiho) and E T [atorn- atom,msp* AO} correspond to 

a 25% increase in the donation of charge density from the orbitals of the atoms to the C = O 
MO due to the presence of a H bound to the carbonyl carbon. Also, E Kvih is that corresponding 

to formic acid. The C-O and OH groups are equivalent to those of alkyl alcohols given in the 
corresponding section except that the energy of the C - O MO is matched to that of the C = O 
group and E M is that of a carboxylic acid. A£^ M0 (ao/ho) of the C-0 group is equal to 

E T [atom~ atom.msp 2 l .AO} of the alkyl C = 0 group in order to match the energies of the 
corresponding MOs. 

As in the case with aldehydes and ketones, E r [atom- atom.msp 2 .AO) of the C = 0- 
bond MO in Eq. (15.52) of alky carboxylic acids due to the charge donation from the C and O 
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atoms to the MO is -2.69893 eV which is an energy minimum for the double bond between the 
pair of C2sp* HO electrons of the C atom and the pair of AO electrons of the carbonyl O 
atom. It is given as a linear combination of the energy contributions corresponding to a double 
bond, -1.13379 eV (Eq. (14.247)), and a triple bond, -1.56513 eV (Eq. (14.342)). The triple 

bond contribution includes the energy match of the carbonyl C2sp* HO electron with the 0 of 
the C-0-bond MO in addition to the pair involved directly in the double bond with the 
carbonyl O . 

E T {atom- atom,msp i AO} of the formic acid C = O-bond MO in Eq. (15.52) due to the 
charge donation from the C and O atoms to the MO is -3.58557 eV . This is also an energy 
minimum for the double bond between the pair of C2$p* HO electrons of the C atom and the 
pair of AO electrons of the carbonyl O atom. It is given as a linear combination of the energy 
contributions corresponding to a triple bond, -1.56513 eV (Eq. (14.342)), and a quadruple 
bond, -2.02043 eV (Eqs. (15.18-15.21) with .y=4)) where the bond order components are 
increased by an integer over that of alkyl carboxylic acids due to the presence of a H bound to 
the carbonyl carbon. 

E T {atom- atom 9 msp 3 AQj of the carboxylic acid C-C(O) group is equivalent to that 
of alkanes and aldehydes, -1 .85836 eV , where both energy contributions are given by Eq. 
(14.513). It is based on the energy match between the C2sp 3 HOs of the carboxylic acid. As in 
the case of aldehydes, C ]o = 2C, in Eq. (15.52). 

E r {atom- atom,msp y AO} of the carboxylic acid C- O group is equivalent to that of 
alkyl alcohols, -1.85836 eV \ It is based on the energy match between the O AO and the 
C2sp 2 HO of a methylene group (the maximum hybridization for a single bond) where both 

energy contributions are given by Eq. (14.513). E T [atom- atom 1t msp i AO^j of the C-O group 

matches that of the C - C(O) group. 

The symbols of the functional groups of alkyl carboxylic acids are given in Table 15.99. 
The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. 
(15.6-15.11) and (15.17-15.56)) parameters of alkyl carboxylic acids are given in Tables 15.100, 
15.101, and 15.102, respectively. The total energy of each alkyl carboxylic acid given in Table 
15.103 was calculated as the sum over the integer multiple of each E D [ik^ of Table 15.102 

corresponding to functional-group composition of the molecule. For each set of unpaired 
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electrons created by bond breakage , the C2sp* HO magnetic energy E mag that is subtracted 

from the weighted sum of the E D (an>u P ) (eV) values based on composition is given by Eq. 
(15.58). The bond angle parameters of alkyl carboxylic acids determined using Eqs. (15.79- 
15.108) are given in Table 15.104. 

Table 15.99. The symbols of functional groups of alkyl carb oxylic acids. 



Functional Group 


Group Symbol 


CH (formic acid) group 


C-H® 


C-C(O) 


C-C(0) 


C=0 (formic acid) 


C = 0(i) 


C=0 (alkyl carboxylic acid) 


C = 0 (ii) 


(O)C-O 


C-O 


OH group 


OH 


CH 3 group 


c-h(ch 3 ) 


CH 2 group 


C-H (CH 2 ) 


CH (alkyl) group 


C-H (ii) 


CC bond (n-C) 


C-C (a) 


CC bond (iso-C) 


C-C (b) 


CC bond (tert-C) 


C-C (c) 


CC (iso to iso-C) 


C-C (d) 


CC (t to t-C) 


C-C (e) 


CC (t to iso-C) 


C-C(f) 
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CARBOXYLIC ACID ESTERS (C.H u O v n= l,2,3,4,5„.oo) 

The alkyl carboxylic acid esters, C n H 2n 0 2 , comprise aC = 0 functional group, and the 
single bond of carbon to the carbonyl carbon atom, C-C(O), is also a functional group. 

Formic acid ester has a HC = 0 moiety that comprises a more stable C = O functional group 
5 and a CH functional group. All carboxylic acid esters further comprise a COR moiety that 
comprises aC-O functional group and three types of 0 - R functional groups, one for R 
comprising methyl, one for R comprising an alkyl ester group of a formate, and one for R 
comprising an alkyl ester group of an alkyl carboxylate. The alkyl portion of the alkyl 
carboxylic acid ester may comprise at least two terminal methyl groups ( CH 3 ) at each end of 

10 the chain, and may comprise methylene ( CH 2 ), and methylyne (CH) functional groups as weU 
as C bound by carbon-carbon single bonds. The methyl and methylene functional groups are 
equivalent to those of straight-chain alkanes. Six types of C - C bonds can be identified. The 
n-alkane C - C bond is the same as that of straight-chain alkanes. In addition, the C - C bonds 

within isopropyl ({CH^CH) and t-butyl ({CH^C) groups and the isopropyl to isopropyl, 

15 isopropyl to t-butyl, and t-butyl to t-butyl C-C bonds comprise functional groups. The 
branched-chain-alkane groups in carboxylic acid esters are equivalent to those in branched-chain 
alkanes. I 

The CH functional group is equivalent to that of formic acid. The alkyl carboxylic acid 
ester C = O and C - C(O) groups are equivalent to those given in the Carboxylic Acids section. 

20 The formic acid ester C = O group is equivalent to that given in the Carboxylic Acids section 
except that E Kvjh is that corresponding to a formic acid ester. The C- O group is equivalent to 
that given in the Carboxylic Acids section except that the parameters corresponding to 
oscillation of the bond in the transition state, E D (eV) and E Kvfh , are those of a carboxylic acid 
ester. As in the case with the alkyl ethers, each O - C group is solved by hybridizing the 2s 

25 and 2p AOs of the C atom to form a single 2sp % shell as an energy minimum, and the sharing 

of electrons between the C2sp l HO and the O AO to form a MO permits each participating 
orbital to decrease in radius and energy. To meet the equipotential condition of the union of the 
O-C H 2 -type-ellipsoidal-MO with other orbitals of the molecule, the hybridization factor c 2 

ofEq. (15.51) for the O-C -bond MO given by Eq. (15.114) is c 2 [C2sp 3 HO to o) = 0.85395. 



WO 2007/051078 



620 



PCT/US2006/042692 



E T [atom- atom,msp\AO) (Eq. (15.52)) of (1) the C = 0 group of alky carboxylic acid 
esters, (2) the C = O group of formic acid esters, (3) the alkyl carboxylic acid ester C - C(0) 
group, and (4) the carboxylic acid ester C-0 group are equivalent to those of the 
corresponding carboxylic acids. The values given in the Carboxylic Acids section are 
5 -2.69893 eV y -3.58557 eV y -1.85836 eV , and -1.85836 eV , respectively. 

E T [atom--atom 9 nisp\AO) of die C-0 group matches that of the C-C(0) group. Also, as 
in the case of aldehydes, ^ = 20, in Eq. (15.52) for the C-C(O) group. 

E T [atom-atom 9 msp\Ao) of the 0-C-bond MO in Eq. (15.52) due to the charge 

donation from the C and O atoms to the MO is -1.13379 eV for the 0~CH 3 group of 
10 formate and alkyl carboxylates, -4.44915 eV for the O-R group of alkyl carboxylates, and 
-1.85836eF forthe O-R group of alkyl formates, where R is an alkyl group. Eachis based 
on the energy match between the O AO, initially at the Coulomb potential of a proton and an 
electron (Eqs. (1.236) and (10.162), respectively), the C2sp 3 HO of the methyl or alkyl ester 
group, and the carbonyl carbon. The increasing energy contributions to the single bond 
15 correspond to the increasing hybridization of linear combinations of increasing bond order. The 
energy contributions corresponding to one half of a double bond and those of the methyl-methyl 
and methylene-methylene bonds are -1.13379 eV(Eq. (14.247)), two times -0.72457 eV (Eq. 
(14.151)), and two times -0.92918 eV (Eq. (14.513)), respectively. 

The symbols of the functional groups of alkyl carboxylic acid esters are given in Table 
20 15.105. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of alkyl carboxylic acid esters are 
given in Tables 15.106, 15.107, and 15.108, respectively. The total energy of each alkyl 
carboxylic acid ester given in Table 15.109 was calculated as the sum over the integer multiple 
j of each E D [cnm P ) of Table 15.108 corresponding to functional-group composition of the 

25 molecule. For each set of unpaired electrons created by bond breakage , the C2sp 3 HO 
magnetic energy E mag that is subtracted from the weighted sum of the E D (Gn>ap) {eV) values 

based on composition is given by Eq. (15.58). The bond angle parameters of alkyl carboxylic 
acid esters determined using Eqs. (15.79-15.108) are given in Table 15.110. 
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Table 15.105. The symbols of functional groups of alkyl carboxylic acid esters. 


Functional Group I 


Group Symbol 


CH (formic acid ester) group 


C-H(i) 


C-C(O) 




0=0 (formic acid ester) 


C = 0 (i) 


C=0 (alkyl carboxylic acid ester) 


C = 0 (ii) 


(O)C-O 


C-0 


o-CH 3 


O-C (i) 


0-R (formic acid ester) 


O-C (ii) 


0-R (alkyl acid ester) 


O-C (iii) 


OH group 


OH 


LH3 group 




CH 2 group 


c-h(ch 2 ) 


CH (alkyl) group 


C-tf (ii) 


CC bond (n-C) 


C-C (a) 


CC bond (iso-C) • • 


C-C.(b) 


CC bond (tert-C) 


C-C (c) 


CC (iso to iso-C) 


C-C (d) 


CC (t to t-C) 


C-C (e) 


CC (t to iso-C) 


C-C(f) 
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AMIDES (C n H 2n+} NO, « = 1,2,3,4,5...") 

The alkyl amides, C n H 2n¥i NO , comprise aC = 0 functional group, and the single bond 
of carbon to the carbonyl carbon atom, C - C(0) , is also a functional group. Formamide has a 
HC = 0 moiety that comprises a more stable C = O functional group and a CH functional 
5 group that is equivalent to that of the CH (i) of aldehydes given in the corresponding section, It 
is also equivalent to that of the iso-Cff group of branched-chain-alkyl portion of the alkyl 
amide except that E^ (Eq. (15.58)) is not subtracted from E D [am*). All amides further 
comprise a C-NH 2 moiety that comprises a NH 2 functional group and two types of C- N 
functional groups, one for formamide and the other for alkyl amides ( RC(0)NH 2 where R is 

10 alkyl). The alkyl portion of the alkyl amide may comprise at least two terminal methyl groups 
(CH 3 ) at each end pf the chain, and may comprise methylene (CH 2 ), and methylyne (CH) 
functional groups as well as C bound by carbon-carbon single bonds. The methyl and 
methylene functional groups are equivalent to those of straight-chain alkanes. Six types of 
C- C bonds can be identified. The n-alkane C- C bond is the same as that of straight-chain 

15 alkanes. In addition, the C - C bonds within isopropyl ((CH^CH) and t-butyl ((CH 3 ) y C) 

groups and the isopropyl to isopropyl, isopropyl to t-buty 1, and t-butyl to t-butyl C - C bonds 
comprise functional groups. The branched-chain-alkane groups in amides are equivalent to 
those in branched-chain alkanes. 

The NH 2 functional group was solved in the Di hydrogen Nitride ( NH 2 ) section except 
20 that the energy of the N-H MO is matched to the nitrogen-atom contribution to AE (aoiho) 

and E T {atom- atom.msp 1 \AO) of the C-N group. Both alkyl amide C = 0 groups and the 
C - C(0) group are equivalent to those given in the Carboxylic Acid Esters section except that 
&K* t h of the C - C(0) group is matched to that of an amide. The C-N groups are equivalent 
to those of alkyl amines given in the corresponding section except that the energy of the C-N 
25 MO is matched to that of the C = O group and E M is that of a amide. AE H MQ [aoiho) of the 

C-N group is equal to E T {atom- atom 9 msp\AO) of the alkyl C = O and C- N groups in 
order to match the energies of the corresponding MOs. 

As in the case of primary amines, each C-N group is solved by hybridizing the 2^ and 
2p AOs of the C atom to form a single 2$p 3 shell as an energy minimum, and the sharing of 
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electrons between the C2sp* HO and the N AO to form a MO permits each participating 
orbital to decrease in radius and energy. To meet the equipotential condition of the union of the 
C-N H 2 -type-ellipsoidal-MO with other orbitals of the molecule, the hybridization factor c 2 

ofEq. (15.52) for the C- N -bond MO given by Eq. (15.114) is c 2 (C2sp 3 HO to n) = 0.91 140 . 
5 E T {atom- atom.msp 2 AO) (Eq. (15.52)) of the C = 0 group of alky amides and the 

C = 0 group of formamide are equivalent to those of the corresponding carboxylic acids and 
esters. The values given in the Carboxylic Acids section are -2.69893 eV and -3.58557 eV , 
respectively. ( 

E T [atom- atom,msp 3 "AO) of the amide C-C(O) group is the same as alkanes, 
10 aldehydes, carboxylic acids, and carboxylic acid esters, -1.85836 eV y where both energy 
contributions are given by Eq. (14.513). Also, as in the case of aldehydes, C U) = 2C X in Eq. 
(15.52). 

In order to match energy throughout the chain of the amide molecule, 
E T [atom- atom,msp l .AO} of the C-N -bond MO in Eq. (15.52) due to the charge donation 

15 from the C and N atoms to the MO is -1.65376 eV . It is based on the energy match between 
the C2sp* HO of the carbonyl and the primary amino group NH 2 . It is given by the linear 
combination of -0.92918 eV (Eq. (14.513)) which matches the contiguous C-C(O) or 
HC(0) group and -0.72457 eV (Eq. (14.151)), the contribution of a primary amino group 
given in the Primary Amines section. 

20 The symbols of the functional groups of alkyl amides are given in Table 15.1 1 1. The 

geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. 
(15.6-15.1 1) and (15.17-15.56)) parameters of alkyl amides are given in Tables 15.112, 15.113, 
and 15.114, respectively. The total energy of each alkyl amide given in Table 15.115 was 

* 

calculated as the sum over the integer multiple of each EJc™ P ) of Table 15.114 corresponding 

25 to functional-group composition of the molecule. The bond angle parameters of alkyl amides 
determined using Eqs. (15.79-1 5.108) are given in Table 15.1 16. 



WO 2007/051078 



630 



PCT/US2006/042692 



Table 15.1 1 1. The symbols of functional groups of alkyl am ides. 



Functional Group 



CH (formamide) group 
C-C(O) 

C=0 (formamide) 
C=0 (alkyl amide) 
(0)C-N (formamide) 
(O)C-N (alkyl amide) 
NH 2 group 

CHj group 

CH 2 group 

CH (alkyl) group 

CC bond (n-C) 

CC bond (iso-C) 

CC bond (tert-C) 

CC'(iso to iso-C) 

CC (t to t-C) 

CC (t to iso-C) 



Group Symbol 



C-tf (i) 
C - C(0) 

C = 0(i) 
C = 0 (u) 
C~N(i) 
C-N (u) 
NH 2 

C-H (CH 3 ) 

C-H (CH 2 ) 

C-H(n) 
C-C (a) 
C-C(b) 
C-C (c) 
C-C (d) 
C-C (e) 
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N-ALKYL AND N,N-DIALKYL- AMIDES ( C n H 2n+l NO, n = 2,3,4,5...~ ) 

The N-alkyl and N,N-dialkyl amides, C H .NO, comprise aC = 0 functional group, 
and the single bond of carbon to the carbonyl carbon atom, C - C(0) , is also a functional group. 

Fonnamide has a HC = 0 moiety that comprises a more stable C = 0 functional group and a 
5 CH functional group that is equivalent to that of the iso-Cff group of branched-chain-alkyl 
portion of the N-alkyl or N,N-dialkyl amide. All amides further comprise a C-N(R l )R 2 
moiety that comprises two types of C~N functional groups, one for fonnamide and the other 
for alkyl amides (RC(0)N[R } )R 2 where R is alkyl). The N or N,N-dialkyl moiety comprises 

three additional groups depending on the alkyl substitution of the nitrogen. In the case of a 
10 single methyl or alkyl substitution, the NH-C bond and NH are functional groups, and the 
N - C bond of a di-substituted nitrogen is the third. 

The alkyl portion of the N-alkyl or N,N-dialkyl amide may comprise at least two 
terminal methyl groups (CH 3 ) at each end of the chain, and may comprise methylene (CH 2 ), 

and methylyne {CH) functional groups as well as C bound by carbon-carbon single bonds. 
1 5 The methyl and methylene functional groups are equivalent to those of straight-chain alkanes. 
Six types of C - C bonds can be identified. The n-alkane C-C bond is the same as that of 

straight-chain alkanes. In addition, the C-C bonds within isopropyl ((Ci/ 3 ) CH) and t-butyl 

* r » 

{[CH^C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl 

C-C bonds comprise functional groups. The branched-chain-alkane groups in N-alkyl or 
20 N,N-dialkyl amides are equivalent to those in branched-chain alkanes. 

The NH functional group was solved in the Hydrogen Nitride ( NH) section except that 

the energy of the N-H MO is matched to the nitrogen-atom contribution to &E HiMO [ao/ho) and 

E r [atom- atom 9 msp 3 \AO} of the C-N group. The C-C(O) group, both N-alkyl orN,N- 

diaikyl amide C = 0 groups, and both C-N groups are equivalent to those given in the 
25 Amides section. 

As in the case of primary amines, each N-C group is solved by hybridizing the 2s and 
2p AOs of the C atom to form a single 2sp* shell as an energy minimum, and the sharing of 

electrons between the C2sj? HO and the N AO to form a MO permits each participating 
orbital to decrease in radius and energy. To meet the equipotential condition of the union of the 
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N - C H 2 -type-ellipsoidal-MO with other orbitals of the molecule, the hybridization factor c 2 
of Eq. (1 5.52) for the N - C -bond MO given by Eq. (1 5.1 14) is c 2 (dsp 3 HO to N) = 0.91 140 . 
' E r (atom~atom,msp\Ao) of the N-substituted amide C-C(O) group is the same as 

alkanes, aldehydes, carboxylic acids, carboxylic acid esters, and amides, -1.85836 eV , where 
5 both energy contributions are given by Eq. (14.513). Also, as in the case of aldehydes, C l0 = 2C, 

inEq. (15.52). 

£ r (atom-atom y ?nsp\AO) (Eq. (15.52)) of the C-0 group of N-substituted alky 

amides and the C = O group of N-substituted formamide are equivalent to those of the 
corresponding carboxylic acids, carboxylic esters, and amides. The values given in the 
10 Carboxylic Acids section are -2.69893 eV and -3.58557 eV , respectively. 

E r [atom- atom.msp 1 \AO} of both C- N functional groups are the same as those of 

the corresponding groups of amides, -1 .65376 eV . E T [atom- atom,msp 2 .AO) of the singly- 
substituted NH-C -bond MO in Eq. (15.52) due to the charge donation from the N and C 
atoms to the MO is -0.92918 eV . It is equivalent to that of tertiary amines and matches the 

15 energy of the NH-C group to that of the C-N group wherein E T [atom- atom>msp 2 AO) of 
the latter is a linear combination of -0.92918 eV (Eq. (14.513)) and -0.72457 <?K(Eq. 
(14.151)). E T [atom- atom,msp\AO) of the doubly-substituted* JV-C-bond MO is 
-0.72457 eV . It is equivalent to that of the contribution of each atom of a primary amine and 

* 

also matches the energy of the N - C group to that of the C- N group by matching one of the 

20 components of E r {aiom- atom^msp 2 AO>} of the latter. 

The symbols of the functional groups of N-alkyl and N,N-dialkyl amides are given in 
Table 15.117, The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.7145.78)), 
and energy (Eqs. (15.6-15.1 1) and (15.17-1 5.56)) parameters of N-alkyl and N,N-dialkyi amides 
are given in Tables 15.118, 15.119, and 15.120, respectively. The total energy of each N-alkyl 
25 or N,N-dialkyI amide given in Table 15.121 was calculated as the sum over the integer multiple 
of each E of Table 15.120 corresponding to functional-group composition of the 

molecule. The bond angle parameters of N-alkyl and N,N-dialkyl amides determined using Eqs. 
(15.79-15.108) are given in Table 15.122. 
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Table 15.1 17. The symbols of functional groups of N-alkyl and N,N-dialkyl amides. 



Functional Group | Group Symbol 

C-C(0) C - C(0) 

CO (N-alkyl and N,N-dialkyl formamide) C = O (i) 

C=0 (N-alkyl and N,N-dialkyl amide) C = O (ii) 

(O)C-N (N-alkyl and N,N-dialkyl formamide) C - N (i) 

(O)C-N (N-alkyl and N,N-dialkyl amide) C-N (ii) 

NH group nj{ 

N-C (N-alkyl) N-C (i) 

N-C (N,N,-dialkyl) N-C (ii) 

CH 3 group C-H{CH 3 ) 

CH 2 group C-H(CH 2 ) 

CH (alkyl) group q - H 

CC bond (n-C) C - C (a) 

' CC bond (iso-C) C - C (b) 

CC bond (tert-C) . C-C (c) 

CC:(iso to iso-C) C-C (d) 

CC(ttot-C) C-C(e) 

CC (t to iso-C) ; C-C (f) 
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UREA (CH 4 N 2 0) 

Urea, CH 4 N 2 0 9 comprises a C = 0 functional group and two C-NH 2 moieties that 
each comprise a NH 2 functional group and a C-N functional group. The C = 0 group is 

equivalent to that given for formamide in the Amides section except that the energy terms due to 
5 oscillation in the transition state are matched to that of urea. The NH 2 and C-N functional 

groups are also equivalent to those given in the Amides section. E T [atom- atom f msp 2 \AO} 

(Eq. (15.52)) of the C = O and C - N groups are equivalent to those of formamide. The values 
given in the Amides section are -3.58557 eV , and -1.65376 eV , respectively. 

The symbols of the functional groups of urea are given in Table 15.123. The 
10 geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. 
(15.6-15.11) and (15.17-15.56)) parameters of urea are given in Tables 15.124, 15.125, and 
. 15.126, respectively. The total energy of urea given in Table 15.127 was calculated as the sum 
over the integer multiple of each E D {cm^) of Table 15.126 corresponding to functional-group 

composition of the molecule. The bond angle parameters of urea determined using Eqs. (15.79- 
15 15.108) are givenin Table 15.128. 

Table 15.123. The symbols of functional groups of urea. 



Functional Group | Group Symbol 



C=0 (urea) C = 0 

(O)C-N(urea) C-N 
NH 2 group NH 2 
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Table 15.126. The energy parameters (eV) of functional groups of urea. 



parameters 


C = 0 
Group 


Group 


NH 7 
Group 


«. 


2 


1 


2 


"i 


0 


0 


0 


»> 


0 


0 


1 


c, 


0.5 


0.5 


0.75 




1 


1 


0.93613 


c . 


1 


1 


0.75 


C 2 


0.85395 


0.91140 


I 


C 3 


2 


0 


0 


C A 


4 


2 


1 


C Z 


0 


0 


2 


<± 


0.5 


0.5 


1.5 




1 


1 


1 


K ieV) 


-112.61934 


-38.24008 


-78.77719 


r . • • , 


23.95107 


10.40705 


28.03446 


TUV) 


43.62389 


" 11.18655 


29.77286 


r. W 


-21.81195 


-5.59327 


-14.88643 


E\aoiho) {eV) 


0 


-14.63489 


-14.53414 




-3.58557 


-5.23932 


-1.65376 


E T (AO/m}) (eV) 


3.58557 


-9.39557 


-12.88038 


E[*> ao/ho) (eV) 


0 


0 


-14.53414 


ErM ieV) 


-63.27075 


-31.63533 


-48.73668 


£J atom- atom, (cK) 


-3.58557 


-1.65376 


0 


(eK) 


-66.85630 


-33.28912 


-48.73660 


fl) (l0 M rod) s\ 


19 9334 


13 0822 


59 4067 


t K {eV) 


13. 


5.0IU7J 


j y. j u/ju 






-ft TQT?^ 


-ft 3Q11fi 




0.21747 
[32] 


0.17358 
[33] 


0.40929 
[22] 


(eK) 


-0.13081 


-0.10647 


-0.18672 


<•"> 


0.U441 


0.14803 


0.14185 




-67.11793 


-33.39559 


-49.11003 




-14.63489 


. -14.63489 


-14.53414 




0 


0 


-13.59844 




8.34955 


4.12581 


737901 



Table 15.127. The total bond energies of urea calculated using the functional group composition and the energies of Table 
IS. 126 compared to the experimental values Ql 



Formula Name 


C = 0 
Group 


C-N 
Group 


NH 2 
Group 


Calculated 
Total Bond 
Energy (eV) 


Experiments) 
Total Bond 
Enerpv CeV) 


Relative Error 


CHjNiO Urea 


1 


2 


2 


31.35919 


31 .393 


0.00108 



I 
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CARBOXYLICACIDHALIDESCC^^OX X*F,Cl,Br,I; « = 1,2,3*4,5...-) 

The alkyl carboxylic acid halides, C n H 2nl OX s comprise aC = 0 functional group, and 
the single bond of carbon to the carbonyl carbon atom, C - C(0) , is also a functional group. 

All carboxylic acid halides further comprise a C-X functional group where AT is a halogen 
5 atom. The alkyl portion of the alkyl carboxylic acid halide may comprise at least two terminal 
methyl groups (CH 3 ) at each end of the chain, and may comprise methylene (C# 2 ), and 

methylyne (CH) functional groups as well as C bound by carbon-carbon single bonds. The 
methyl and methylene functional groups are equivalent to those of straight-chain alkanes. Six 
types of C-C bonds can be identified. The n-alkane C-C bond is the same as that of 

10 straight-chain alkanes. In addition, the C- C bonds within isopropyl ((C# 3 ) 2 CH) and t-butyl 

((Cff^C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl 

C-C bonds comprise functional groups. The branched-chain-alkane groups in carboxylic 
acids are equivalent to those in branched-chain alkanes. 

The alkyl carboxylic acid halide C = O and C - C(0) groups are equivalent to those 

15 given in the Aldehydes section and the Ketones section, respectively. The values of 
E T \atom- atom,msp 3 .AO} given in these sections are -2.69893 eV and -1.44915 eV 9 
respectively. 

As in the case of alkyl halides, each (O)C- X group is solved by hybridizing the 2s 

i 

and 2p AOs of the C atom to form a single 2sp 3 shell as an energy minimum, and the sharing 

20 of electrons between the C2sp* HO and the X AO to form a MO permits each participating 
orbital to decrease in radius and energy. For example, to meet the equipoteritial condition of the 
union of the (0)C-CZ # 2 -type-ellipsoidal-MO with other orbitals of the molecule, the 

hybridization factor C 2 of Eq. (15.52) for the (O)C-C/ -bond MO given by Eq. (15.111) is 
C 2 (C2sp 3 HO to C/) = 0.81317. The solution is equivalent to that of the alkyl chloride bond 

25 except that the energy parameters corresponding to oscillation in the transition state are matched 
to those of a carboxylic acid chloride. 

«. 

As in the case with the C-C/ group of alkyl chlorides, E r [atom- atom.msp^ .AO} of 

the (O)C- C/ -bond MO in Eq. (15.52) of alky carboxylic acid chlorides due to the charge 
donation from the C and CI atoms to the MO is -1.44915 eV where both energy contributions 
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are given by Eq. (14.511). This matches the energy of the C-C(0) functional, group with that 
of the (0)C- CI group within the carboxylic acid chloride molecule. 

The symbols of the functional groups of alkyl carboxylic acid chlorides are given in 
Table 15.129. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), 

5 and energy (Eqs. (15.6-15.1 1) and (15.17-15.56)) parameters of alkyl carboxylic acid chlorides 
are given in Tables 15.130, 15.131, and 15.132, respectively. The total energy of each alkyl 
carboxylic acid chloride given in Table 15.133 was calculated as the sum over the integer 
multiple of each E D (omp} of Table 15.132 corresponding to functional-group composition of the 
molecule. The bond angle parameters of alkyl carboxylic acid chlorides determined using Eqs. 

10 (15.79-15.108) are givenin Table 15.134. 
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CARBOXYLIC ACID ANHYDRIDES ( C n H ltt _ 2 O y n = 2,3,4,5...oo ) 

The alkyl carboxylic acid anhydrides, C H^O^ , have two (o)C - 0 moieties that each 

comprise C = O and C - O functional groups. The single bond of carbon to the carbonyl 
carbon atom, C - C(O) , is also a functional group. The alkyl portion of the alkyl carboxylic 
5 acid anhydride may comprise at least two terminal methyl groups (C# 3 ) at each end of the 
chain, and may comprise methylene (CH 2 \ and methylyne (CH) functional groups as well as 

C bound by carbon-carbon single bonds. The methyl and methylene functional groups are 
equivalent to those of straight-chain alkanes. Six types of C - C bonds can be identified. The 
n-alkane C-C bond is the same as that of straight-chain alkanes. In addition, the C - C bonds 

10 within isopropyl ((CH^CH) and t-butyl ([CH^C) groups and the isopropyl to isopropyl, 

isopropyl to t-butyl, and t-butyl io t-butyl C-C bonds comprise functional groups. The 
branched-chain-alkane groups in carboxylic acid anhydrides are equivalent to those in branched- 
chain alkanes. 

The alkyl carboxylic acid anhydride C = O and C - C(0) groups are equivalent to those 
15 given in the Carboxylic Acid Esters section and the Ketones section, respectively. The values of 
E T {atom- atom,msp 2 .AO} given in these sections are -2.69893 eV and -1.44915 eK , 
respectively. The C- O group is also equivalent to that given in the Carboxylic. Acid Esters 
section except that E T [atom- atom,msp 2 \AO"j is equivalent to that of an alkyl ether as given in 

the corresponding section and the energy terms due to oscillation in the transition state are 
20 matched to that of a carboxylic acid anhydride. 

For the C-0 group, E T [atom-atom 7 msp 3 .AO} is -1.65376 It is based on the 

» 

energy match between the O AO and the C2sp* HO of each C~C(0) group and is given by 
the linear combination of -0.72457 eV (Eq. (14.151)) and -0.92918 (Eq. (14.513)), 
respectively. This matches -0.72457 eV , the energy contribution of each of the C2sp 3 HOs to 

25 each C - C(O) functional group, with that of the corresponding energy component of the C - O 
group and gives a minimum energy within the carboxylic acid anhydride molecule. 

The symbols of the functional groups of alkyl carboxylic acid anhydrides are given in 
Table 15.135. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), 
and energy (Eqs. (15.6-15.1 1) and (15.17-15.56)) parameters of alkyl carboxylic acid anhydrides 

30 are given in Tables 15.136, 15.137, and 15.138, respectively. The total energy of each alkyl 
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carboxylic acid anhydride given in Table 15.139 was calculated as the sum over the integer 

< 

multiple of each 2? D (c«»v>) of Table 15.138 corresponding to functional-group composition of the 
molecule. The bond angle parameters of alkyl carboxylic acid anhydrides determined using 
Eqs. (15.79-15.108) are given in Table 15.140. 
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NITRILES (qtf^JV, » = 2,3,4,5...oo) 

The nitriles, C n H 2n _ x N , comprise a C = JV functional group, and the single bond of 

carbon to the nitrile carbon atom, C - CN , is also a functional group. The alkyl portion of the 
nitrile may comprise at least two terminal methyl groups ( CH 3 ) at each end of the chain, and 

5 may comprise methylene ( CH 1 ), and methylyne ( CH ) functional groups as well as C bound 

by carbon-carbon single bonds. The methyl and methylene functional groups are equivalent to 
those of straight-chain alkanes. Six types of C - C bonds can be identified. The n-alkane 
C - C bond is the same as that of straight-chain alkanes. In addition, the C- C bonds within 

isopropyl ((C/7 3 ) 2 CH) and t-butyl ((C7/ 3 ) 3 C) groups and the isopropyl to isopropyl, isopropyl 

10 to t-butyl, and t-butyl to t-butyl C - C bonds comprise functional groups. The branched-chain- 
alkane groups in nitriles are equivalent to those in branched-chain alkanes. 

The nitrile C m N is solved equivalently to acetylene as given in the Acetylene Molecule 

section except that the energy for AE^^ao/ho) is two times that given in Eq. (14.343), 

1 6.20002 eV , in order to match the N AOs to that of the nitrile C2sp 3 HO having a bond order 
15 of three. E T {atom- atom,msp 2 .AO} of the C = N functional group is -1.56513 eV (Eq. 
(14.342)) corresponding to the third-order bonded Clsp 1 HO. 

* » 

The C - CN functional group is equivalent to that of an alkyl C - C group given in the 
Continuous-Chain Alkanes section except that E t (h 7 mo) and E Kvjb are those corresponding to a 

nitrile. As given in the Continuous-Chain Alkanes section, E T {atom- atom, msp 3 .AO] of the 

20 alkyl C-C group is -1.85836 eV. where both energy contributions are given by Eq. (14.513). 
It is based on energy matching within the nitrile. It corresponds to the maximum-magnitude 

energy contributions of a single-bonded and a third-order bonded C2sp z HO. 

The symbols of the functional groups of nitriles are given in Table 15.141. The 
geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. 
25 (15.6-15.11) and (15.17-15.56)) parameters of nitriles are given in Tables 15.142, 15.143, and 
15. 144, respectively. 1 The total energy of each nitrile given in Table 15.139 was calculated as 
the sum over the integer multiple of each E D (a™ P ) of Table 15.144 corresponding to functional- 
group composition of the molecule. For each set of unpaired electrons created by bond 
breakage, the C2sp l HO magnetic energy E that is subtracted from the weighted sum of the 
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E D [cmup) (eV) values based on composition is given by Eq. (15.58). The bond angle parameters 

of nitriles determined using Eqs. (15.79-15.108) are given in Table 15.146. The C of the 
C 5 N group can further bond with only one atom, and the bond is linear as a minimum of 
energy as in the case of acetylene and alkynes. 
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THIOLS (C n H M2 S m , K = l,2,3,4,5...~) 

The alkyl thiols, C H 2n ^ 2 S n9 comprise a SH functional group and a C-S functional 

group. The alkyl portion of the alkyl thiol may comprise at least two terminal methyl groups 
(CH 3 ) at each end of the chain, and may comprise methylene (Ctf 2 ), and methylyne {CH) 

5 functional groups as well as C bound by carbon-carbon single bonds. The methyl and 
methylene functional groups are equivalent to those of straight-chain alkanes. Six types of 
C-C bonds can be identified. The n-alkane C- C bond is the same as that of straight-chain 

* 

alkanes. In addition, the C- C bonds within isopropyl ((C# 3 ) 2 CH) and t-butyl ((C# 3 ) 3 C) 

groups and the isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl C-C bonds 
10 comprise functional groups. The branched-chain-alkane groups in thiols are equivalent to those 
in branched-chain alkanes. 

r 

The parameters of the SH functional group is solved using Eq. (15.41). As in the case 
of the C-H bonds of CH n 77=1,2,3, the S-H-bond MO is a partial prolate spheroid in 
between the sulfur and hydrogen nuclei and is continuous with the S3;? shell. The energy of the 
15 if 2 -type ellipsoidal MO is matched to that of the S3p shell and comprises 75% of a if 2 -type 

- < 

ellipsoidal MO in order to match potential, kinetic, and orbital energy relationships. Since the 
energy of S, E(s) = -10.36001 eV , is less that that of H, the linear combination of the H 2 

type ellipsoidal MO with the S3p shell further comprises an excess 50% charge-density 
donation from H to the S3p shell of the S - H -bond MO to achieve an energy minimum. The 
20 initial total energy of the shell is given by the sum over the four 3p electrons. From Eq. 

(15.12), the sum £ r (S,3/?)of the energies of 5, S + , S 2 \and S 3+ [38] is 

E T (S,3/>) = 10.36001 eV + 23.33788 eV + 34.79 eV + 47.222 eV (15 118) 

= 1 15.70989 eV 

By considering feat the central field decreases by an integer for each successive electron of the 
shell, the radius r 3p of the S3p shell may be calculated from the Coulombic energy using Eqs. 

25 (15.13) and (15.1 18): 

r»-l , (2 ~ g) * 2 r / 10g2 T = U7585a fl (15.119) 

' hb 8^ 0 (el 15.70989 eV) 8/re 0 (el 15.70989 eV) 

where Z = 16 for sulfur. Using Eqs. (15.14) and (15.119), the Coulombic energy 
E Cmthimb (5,3/?) of the outer electron of the S3p shell is 
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The sharing of the electrons between the 5 and i/ atoms permits the formation an 
S-H -bond MO that is lowered more in energy than the participating 53 p orbital which 

consequently increases in energy. By considering the 50% electron redistribution in the H 
5 group as well as the fact that the central field decreases by an integer for each successive 
electron of the shell, the radius r SmmH$ of the S3p shell may be calculated from the Coulombic 

energy using Eq. ( 1 5 . 1 8) 



r s-mp 



8^e 0 (ell 5.70989 eV) 



1 £(Z-«) + 0.25 

10.5e 2 
^8n£ 0 (d 15.70989 eK) 

= 1.23465a 0 



(15.121) 



where the s = -l in Eq. (15.18) due to the charge donation from H to S . Using Eqs. (15.19) 
10 and (15.121), the Coulombic energy E CUntkmlh \S s _ H9 3pj of the outer electron of the S3p shell is 



E Cautm*[ S S-H> 3 P)- 



-e 2 



-e 2 

(15.122) 



8«£ 0 1.23465^ 



= -1 1.01999 eV 

Thus, E T [S- H,3p} 9 the energy change of each S3p shell with the formation of the S-H- 

bond MO is given by the difference between Eq. (15.120) and Eq. (15.122): 

E r (S - H 9 3p) = E(S S _ H y 3p) - E(S y 3p) 

= -1 1.01 999 eV - (-1 1.57099 eV) (1 5.123) 

= 0.55100 eV 

15 Then, in Eq. (1542): 

E r ( A O I HO) = E (S) - E T (S-H,3p) 

= -10.36001 eV- 0.55100 eV (15.124) 
= -10.91101 eV 

And, in Eq. (15.56), 

E T [atom-atom 9 msp 3 .Ao) = 0.55 100 eV (15.125) 
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Due to the charge donation from H to S , c, = 1 in both Eqs. (15.42) and (15.56). As in 
the case of the C- //-bond MO, C } = 0.75 based on the orbital composition. In alkyl thiols, 

the energy of sulfur is less than the Coulombic energy between the electron and proton of H 
given by Eq. (1.243). Thus, c 2 in Eq. (15.52) is also one, and the energy matching condition is 

5 determined by the C 2 parameter. Using the energy of S , e(s) = -10.36001 eV in Eq. (15.65), 

the hybridization factor C 2 of Eq. (15.52) for the S - i/ -bond MO is 

„ /oo rr\ E(S,3p) -10.36001 eV „ci«x 
C ^ 3 ' t0H ^m = -13-60580 g y = °- 76144 • (15 - 126) 

Since the energy of S is matched to the Coulombic energy between the electron and proton of 
H , E( H ( a o))> E *J* M,m ^ = E ( H M) ■ - 1 3 - 60580 eV ' 

, .... • 

10 E. n . tiaJ {c s aoiho)= e(h) = -13.59844 eV , and E mag is that corresponding to £(tf(a 0 )) given by 

Eq. (15.58). E D {c ntt p) for hydrogen sulfide is equivalent to that of the SH functional group, and 

the E D {cmmp) (eV) for dihydrogen sulfide follows the same derivation as that for the SH 

functional group except that the parameters correspond to n x = 2 rather than i\ = 1 in Eqs. 
(15.42) and (15.56). 

15 Furthermore, with the energy of S matched to the Coulombic energy between the 

electron and proton of H , the energy of the C- S -bond MO is the sum of the component 

energies of the H 2 -typt ellipsoidal MO given in Eq. (15.42) with E(aojho) = 0 and 
E r (AO t HO) = M H MO (AO / HO) . Then, the solution of the C-S functional group 

comprises the hybridization of the 2s and 2p AOs of C to form a single 2sp* shell as an 
20 energy minimum, and the sharing of electrons between the C2sp* HO and the S AO to form a 

■ 

MO permits each participating orbital to decrease in radius and energy. Since the energy of 
sulfur is less than the Coulombic energy between the electron and proton of H given by Eq. 

(1.243), c 2 in Eq. (15.52) is one, and the energy matching condition is determined by the C 2 
parameter. Then, C2sp* HO has a hybridization factor of 0.91771 (Eq. (13.430)) with a 
25 corresponding energy of E[c,2sp z ) = -14.63489 eV (Eq. (15.25)), and the S AO has an 
energy of E(S)= -10.36001 eV . To meet the equipotential condition of the union of the 
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C~S H 2 -type-ellipsoidal-MO with these orbitals, the hybridization factor C 2 of Eq. (15.51) 
for the C - S -bond MO given by Eqs. (15.68) and (15.70) is 

^"I'ife^Si 1 ™ 1 ^ (I5127) 

Since the sulfur is energy matched to £(#(a 0 )) in the S-H -bond MO, 

5 E T [atom - atom, msp 3 ^40j of the C-S-bond MO in Eq. (15.52) due to the charge donation 

from the C and S atoms to the MO is -0.72457 eV corresponding to the energy contribution 
equivalent to that of a methyl group (Eq. (14.151)). 

The symbols of the functional groups of branched-chain alkyl thiols are given in Table 

15.147. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
10 energy (Eqs. (15.6-15.1 1) and (15.17-15.56)) parameters of alkyl thiols are given in tables 

15.148, 15.149, and 15.150, respectively. The total energy of each alkyl thiol given in Table 
15.151 was calculated as the sum over the integer multiple of each E D (Gn*, P ) of Table 15.150 
corresponding to functional-group composition of the molecule* For each set of unpaired 
electrons created by bond breakage, the C2sp 3 HO magnetic energy E mag that is subtracted 

15 from the weighted sum of the E^cnwp) (eV). values based on composition is given by Eq. 

(15.58). The C - C bonds to the HCSH group (one H bond to C) were each treated as an iso 
C~ C bond. The C-C bonds to the CSH group (no H bonds to C) were each treated as a 
tert-butyl C-C, E mag was subtracted for each t-butyl group. The bond angle parameters of 

alkyl thiols determined using Eqs. (15.79-15.108) are given in Table 15.152. 
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SULFIDES (C^A, » = 2,3,4,5...oo) 

The alkyl sulfides, C n H 2n+2 S n , comprise two types of C - S functional groups, one for t- 

butyl groups corresponding to the C and the other for the remaining general alkyl groups 
including methyl. The alkyl portion of the alkyl sulfide may comprise at least two terminal 
5 methyl groups (Ctf 3 ) at each end of the chain, and may comprise methylene (CH Z ), and 
methylyne (CH) functional groups as well as C bound by carbon-carbon single bonds. The 
methyl and methylene functional groups are equivalent to those of straight-chain alkanes. Six 
types of C-C bonds can be identified. The n-alkane C-C bond is the same as that of 
straight-chain alkanes. In addition, the C- C bonds within isopropyl ({CH^CH ) and t-butyl 

10 ((cff 3 ) 3 C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl 

C-C bonds comprise functional groups. The branched-chain-alkane groups in sulfides, are 
equivalent to those in branched-chain alkanes. 

Each C - S group is solved by hybridizing the 25 and 2p AOs of the C atom to form a 

single 2$p 3 shell as an energy minimum, and the sharing of electrons between the Clsp 3 HO 
15 and the S AO to form a MO permits each participating orbital to decrease in radius and energy. 
Since the energy of sulfur is less than the Coulombic energy between the electron and proton of 
H given by Eq. (1.243), c 2 in Eq. (15.52) is one, and the energy matching condition is 

determined by the C 2 parameter. As in the case of thiols, C 2 of Eq. (1 5.52) for the C - S -bond 

MO given by Eq. (15.127) is C 2 (C2sp 3 HO to s) = 0.64965 . 
20 The C-S group of alkyl sulfides is equivalent to that of thiols where 

E T [atom-atom y msp\AO) is -0.72457 eV (Eq. (14.151)). The t-butyl-C-S group is also 

equivalent to that of thiols except that the energy parameters corresponding to the oscillation in 
the transition state are matched to those of the t-butyl group. 

The symbols of the functional groups of branched-chain alkyl sulfides are given in Table 

25 15.153. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of alkyl sulfides are given in Tables 
15.154, 15.155, and 15.156, respectively. Consider that the C~Sbond is along the x axis in the 
xy-plane. The S nucleus is at the focus +c and the C nucleus is at the focus -c. The elliptic 
angle d y is taken as counterclockwise from the x-axis for S and as clockwise from the -x-axis 

30 for C. The total energy of each alkyl sulfide given in Table 15.157 was calculated as the sum 



WO 2007/051078 



674 



PCT/US2006/042692 



over the integer multiple of each E D {cm«p) of Table 15.156 corresponding to functional-group 

composition of the molecule. E miJg given by Eq. (15.58) was subtracted for each t-butyl group. 

The bond angle parameters of alkyl sulfides determined using Eqs. (15.79-15.108) are given in 
Table 15.158. 
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DISULFIDES (C rt H 2 ^ 2 S Znf9 * = 2,3,4,5...oo) 

The alkyi disulfides, C n H 2ir¥2 S 2m , comprise C-S and 5-5 functional groups. The 
alkyl portion of the alkyi disulfide may comprise at least two terminal methyl groups (CH 3 ) at 
each end of the chain, and may comprise methylene (C7/ 2 ), and methylyne (CH) functional 
5 groups as well as C bound by carbon-carbon single bonds. The methyl and methylene 
functional groups are equivalent to those of straight-chain alkanes. Six types of C- C bonds 
can be identified. The n-alkane C - C bond is the same as that of straight-chain alkanes. In 

addition, the C - C bonds within isopropyl ((Ctf 3 ) 2 CH) and t-butyl ((C# 3 ) 3 C) groups and the 

isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl C-C bonds comprise 
10 functional groups. The branched-chain-alkane groups in disulfides are equivalent to those in 
branched-chain alkanes. 

Each C-S group is equivalent to that of general alkyl sulfides given in the 

corresponding section. As in the case of thiols and sulifides, C 2 of Eq. (15.52) for the C- S - 
bond MO given by Eq. (15.127) is C 2 (C2sp 3 HO to S) = 0.64965 and 

15 E T [atom- atom 9 msp\AO) is -0.72457 eV (Eq. (14.151)). 

The S - 5 group is solved as an H 2 -type-ellipsoidal-MO that is energy matched to the 
energy of sulfur, E[s) = -10.36001 eV , such that E(A0/H0) = -10.36001 eV inEq. (15.42) 
with E t (A0/ HO) = E(AO I HO) . The S - S -bond MO is further energy matched to the 
C2sp 3 HO of the C- 5 -bond MO. C 2 of Eq. (15.52) for the 5 - 5 -bond MO given by Eq. 

20 (15.127) lis also C 2 (C2sp 3 HO to s) = 0.64965 . In order to match E r {atom-atom y msp 2 .AO) 

of the C-5 group (-0.72457 eV (Eq. (14.151))), E r [atom- atom>msp\AO) of the S-S- 

bond MO is determined using a linear combination of the AOs corresponding to -0.72457 eV 
and 0 eV in Eq. (15.29), Eq. (15.31), and Eqs. (15.19-15.20). The result corresponding to bond 

order 1/21 in Table 15.2 is E T {atom- atom,msp\AO) = -0.36229 eV . 

25 The symbols of the functional groups of branched-chain alkyl disulfides are given in 

Table 15.159. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.7M5.78)), 
and energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of alkyl disulfides are given in 
Tables 15.160, 15.161, and 15.162, respectively. The total energy of each alkyl disulfide given 
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in Table 15.163 was calculated as the sum over the integer multiple of each E D [Gm» P ) of Table 

15.162 corresponding to functional-group composition of the molecule. E given by Eq. 

(15.58) was subtracted for each t-butyl group. The bond angle parameters of alkyl disulfides 
determined using Eqs. (15.79-15.108) are given in Table 15.164. 



WO 2007/051078 PCT/US2006/042692 

682 



.S3 

-o 

IS 
*3 



i 
I 

■a 

c 
o 

o 

(3 



5 



p 
> 
to 

o 

B 
o 



I 

■a 

a 
c 



o to * 



I ^ c ou 



X 

o 



X 

o 



■O "O Tl * ~ *~ 

c c B o o o 
X U U UO U U 



01 



So. 



s 

3 

1 

B 

E 

"6 



■a 

e 
«» 



p. 

1 

5 

!> 
E 

£ 



o 



i 8 



* 8 



g 



I £ 



14 § 



1 



3 



$ 



m 



iri 
m 

n 
in 



3 



00 

*1 



3 



CO 



o 
© 





I 



1 e 



si 

— o 



a: « 

2 i 



3ci 



— i a, — 



■8 



3 



00 3 a 



6 



■8 
w 

o 

g 

■a 



o -S 

(0 »^ 



00 

s 

>o 



3 

M 

3 



VO 



S 

VO 



B 

WVJ 



oo 
» 

OO 

vO 
O 



VO 
VO 



§ 

eg 



VO 



© 

s 

00 

VO 

©' 



St 



Ov 
VO 

«n 

Ov 



Ov 
v/> 



f 2 



8. 



oo 
*o 

© 



s 
s 



3 



PS 



WO 2007/051078 PCTYUS2006/042692 

683 



00 



d Id 



— in 
2 * 



3 g 

oa I n 



s 



OS 

M 

V3 



if 

o 



9 3 



5 3 



s 

n 



3 



9 



8! 



3 i 8 



I S 



3 



S 



n I 8 

5 X* 



3 2 



3 & 
* 3 



3 



8 



2 



2 



3 

5f 



51 



rff I 



p 



l?1 



~ 3 



S 5 

— I o 



A f S 

V0 



3 



3 



Q 

s: 

I 
I 

5 



I 

e 

to 



ef Id 



3 S 

cf | o' 



§5 



o I o 



o> 

1 



IS 

•J5 



J2 



Q I — 

5 I £ 



(5 cf 



3 



5 



S5 



o 



1 S 

I h 

* J ► 



* I 3 

3 



Ol 
Ol 



5 

9" 



m 



- . P I S? 
* * f 



1 



W 0O 



8 |3 



S 



3 



>o 



8 



§ 3 



1 * 



tz 

& 

3 
E 



to 

a. 

I 

o 

X 
o 

6 

2 

o 



. 5 



I I • I • 
V w ! v. 



Sid* 



5 

\5 
i 

Co 



a: he 
i I i 



a: 
i 



4:" 
I 



e 



i 

?: 



.1 



a; 



i 



aT 



If 

CI 

• T V 

5» : 



WO 2007/051078 



684 



PCT7US2006/042692 



-a 



i 1 



So. 



I. 



Ft 



Of 

I - 



* 8- 
i e 



•o 2; 



o 



r>4 



8 



3 



S 



rn 



3 



3 



3 



s 
2 



OS 



C7." 



s 



1 



o 
o" 



(X 



»•» 



Ol 



DO 

— ■ 



00 

(*> ^ — ■ 

LU 



s 



s 



8 

DO 



3 



ill 



F 

5 



J 



00 



"8 

f 

£ 

B 

£ 
1 



r 



& 

S 

o 

& 
a 

E 

o 



> 



c 

8 

rvj 



u 

I 

o 

in 
O 

'9 
«> 

§ 
C 

.2 

1 
a. 

E 

8 



o 
"3 



s 

■8 

3 



1 2 



=a g 

° R 

3 & 

a> e 

o o 
& 



I 

8 



3 

o 

3 



e 
o 

J 

3 

1 



■a 



1 




iiiBiRi 



U|2 



1 



I 

o 



t 



I 

o 



to §■ 
' 2 

*0 Q 




pi 2 

Crisis 



39 ~* & 

»n io «■ S 



ooo<)t 



o o o o 



o o o o 



c a cs a 



o o o c 



OODO 



n n 0 c 



N N N N 



all.? 

iff? 



OO (JO 



WO 2007/051078 PCT/US2006/042692 

685 




WO 2007/051078 _ PCT/US2006/042692 

686 

SULFOXIDES ( C n H 2n+2 (S0) m , n = 2,3,4,5...~ ) 

The alkyl sulfoxides, C M H 2M [SO) m , comprise a C-S0-C moiety that comprises 

C-S and SO functional groups. The alkyl portion of the alkyl sulfoxide may comprise at least 
two terminal methyl groups (CH 3 ) at each end of the chain, and may comprise methylene 
5 (CH 2 ), and methylyne (CH) functional groups as well as C bound by carbon-carbon single 
bonds. The methyl and methylene functional groups are equivalent to those of straight-chain 
alkanes. Six types of C - C bonds can be identified. The n-alkane C - C bond is the same as 
that of straight-chain alkanes. In addition, the C- C bonds within isopropyl ((CH 3 ) 2 CH) and 

t-butyl ((CH 3 ) C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t- 

10 butyl , C-C bonds comprise functional groups. The branched-chain-alkane groups in 
sulfoxides are equivalent to those in branched-chain alkanes. 

The electron configuration of oxygen is ls 2 2s 2 2p A , and the orbital arrangement given by 

Eq. (10.154) has two unpaired electrons corresponding to the ground state *P 2 . The SO 
functional group comprises a double bond between the two unpaired electrons of O . The sulfur 
15 atom is energy matched to the C2sp* HO. In alkyl sulfoxides, the C2sp* HO has a 
hybridization factor of 0.91771 (Eq. (13.430)) with a corresponding energy of 
£(c,2*/> 3 )== -14.63489 (Eq. (15.25)), and the S AO has an initial energy of 

■ 

= -10.36001 eV [38]. To meet the equipotential condition of the union of the S = 0 H 2 - 

type-ellipsoidal-MO with these orbitals, the hybridization factor c 2 of Eq. (15.52) for the 

20 S = O-bond MO given by Eqs. (15.68) and (15.70) is 

_E{0) 



c 2 



(O to S3sp 3 to C2sp 3 HO) = -^c 2 (C2sp 3 HO) 



m -13.61806 gV (09177l) (m28) 

-10.36001 eV v ' 
= 1.20632 

The S atom also forms a single bond with each of the C2sp 3 HOs of the two C-S 
groups. The formation of these bonds is permitted by the hybridization of the four electrons of 
the S3p shell to give the orbital arrangement: 

3sp 3 state 

25 1111 (15.129) 

0,0 1,-1 1,0 1,1 
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where the quantum numbers (t>m t ) are below each electron. The 3s shell remains unchanged. 
Then, the Coulombic energy E Cwhmb {s 9 3sp*} of the outer electron of the S3sp 3 shell given by 
Eq. (15.118) with =1.17585a 0 (Eq. (15.119)) is -11.57099 eV . Using Eq. (15.16) with the 

radius of the sulfur atom r l6 = 1.32010a 0 given by Eq. (10.341), the energy E[S3sp 3 ) of the 
5 outer electron of the S3sp* shell is given by the sum of E Cou(onfb (S3sp 3 ) and E{magnetic) : 



-e 2 Inii^h 2 



%7ie n r 3 ?wV fi 



= ~ e * , ggbf!*? (15.130) 
8*^1.17585^ ^(l.32010a 0 ) 3 

= -1 1.57099 eV + 0.04973 
= -11.52126 eK 

Then, the hybridization energy E hybridfsalicn [S3sp 3 J of the Slsp 3 HO is 

« * 

= -11.52126 eV- 10.36001 eV (15.131) 
= -1.16125 eV 

The SO group is matched to the C-S group with which it shares the common 
10 hybridized S atom. Consequently, E hybriUiza}ion [S3sp 3 ) is subtracted from E T {Group) in the 

determination of E D {Group) (Eq. 15.56)). Furthermore, the energy of the S = 0-bond MO is 
the sum of the component energies of the if 2 -type ellipsoidal MO given in Eq. (15.42) with the 

■ 

energy matched to the final energy of the hybridized S atom such that 
E(AO/HO)^E(S3sp 2 y-\h52\26eV and 

15 *E H2M[} {AOIHO)= V^( S V)--1.16125 eV . Then, 

E r (AOlHO) = E(s) = -10.36001 eV . Also, E 7 (atom- atom 9 msp\AO) of the S=0 bond 

is zero since there are no bonds with a C2sp 3 HO. 

The C-S group is solved as an energy minimum by hybridizing the 2s and 2p AOs of 

the C atom to form a single 2sp* shell and by hybridizing the four S3p electrons to form a 
20 S3sp 2 shell, and the sharing of electrons between the C2sp* HO and the S3sp 3 HO to form a 
MO permits each participating orbital to decrease in radius and energy. Using the Coulombic 
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energy of the S2sp* shell, E^^Sdsp*) given by Eq. (15.120) in Eq. (15.63), the S3sp 3 -shell 
hybridization factor, c 2 (iS3isp 3 j,is 

Ci ( S3sp >U = ^ L57Q " gV = 0.85045 (15.132) 

A P ' E(H) -13.60580 

As in the case of thiols, sulfides, and disulfides, the energy of sulfur is less than the 
5 Coulombic energy between the electron and proton of H given by Eq. (1.243). Thus, c, and c 2 

are equal to one in Eq. (15.52), and the energy matching condition is determined by the C 2 

parameter. In alkyl sulfoxides, the C2sp 3 HO has a hybridization factor of 0.91771 (Eq. 

(13.430)) with a corresponding energy of E[c,2sp 3 ) = -14.63489 eV (Eq. (15.25)) and the. 

S3sp y HO has an energy of £(S3isp 3 )=- 11.52126 eV (Eq. (15.130)). *To meet the 

♦ 

10 equipotential condition of the union of the C-5 i/ 2 -type-ellipsoidal-MO with these orbitals, 
the hybridization factor C 2 of Eq. (15.52) for the C-S-bond MO given by Eqs. (15.68) and 
(15.70) is 

C,(C2V>H0» <V)-j^W- ^ g W-"" < 15 - 133) 

As in the case of thiols, sulfides, and disulfides, with the energy of S matched to the 
15 Coulombic energy between the electron and proton of H , the energy of the C -5 -bond MO is 
the sum of the component energies of the i/ 2 -type ellipsoidal MO given in Eq. (15.42) with 

E(AotHo) = 0 and E T (AO I HO) = AE HiMO (aO I HO). For sulfoxides, 

■ 

AE HI JAO /HO) = -0.72457 eV . Further equivalently, 

*.,•*•. ' - ' : ' 

E T {atom- atom,msp\AO) = -0 .12451 eV (Eq. (14.151)). 

20 The symbols of the functional groups of branched-chain alkyl sulfoxides are given in 

Table 15.165. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), 
and energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of alkyl sulfoxides are given in 
Tables 15.166, 15.167, and 15.168, respectively. Consider that the C-Sbond is along the x 
axis in the xy-plane. The S nucleus is at the focus +c and the C nucleus is at the focus -c. The 

25 elliptic angle 0' is taken as counterclockwise from the x-axis for S and as clockwise from the 
-x-axis for C . The total energy of each alkyl sulfoxide given in Table 15.169 was calculated as 
the sum over the integer multiple of each E d (g™p) of Table 15.168 corresponding to functional- 
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group composition of the molecule. The bond angle parameters of alkyl sulfoxides determined 



using Eqs. (15.79-15.108) are given in Table 15.170. 

Table 15.165. The symbols of functional groups of alkyl sulfoxides. 


[Functional Group 


Ljroup oymooi 


C-S 


C-S 


so 


SO 


CH 3 group 


C-H (CH 3 ) 


CH 2 group 


c-h(ch,) 


CH 


C-H 


CC bond (n-C) 


C-C (a) 


CC bond (iso-C) 


C-C (b) 


CC bond (tert-C) 


C-C(c) 


CC (iso to iso-C) 


C-C(d) 


CC(ttot-C) . 


C-C (e) 


CC (t to iso-C) 


C-Cff) 
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SULFOXIDES ( C a H 1M (so) m 9 



n = 2,3,4, 



5...°o) 



The allcyl sulfoxides. 




C - S and SO functional groups. The alkyl portion of the allcyl sulfoxide may comprise at least 
two terminal methyl groups ( CH 3 ) at each end of the chain, and may comprise methylene 

5 (C# 2 ), and methylyne (CH) functional groups as well as C bound by carbon-carbon single 
bonds. The methyl and methylene functional groups are equivalent to those of straight-chain 
alkanes. Six types of C - C bonds can be identified. The n-alkane C - C bond is the same as 

that of straight-chain alkanes. In addition, the C- C bonds within isopropyl ((C# 3 ) 2 CH) and 

t-butyl ((Ctf 3 ) 3 C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t- 

10 butyl C-C bonds comprise functional groups. The branched-chain-alkane groups in 
sulfoxides are equivalent to those in branched-chain alkanes. 

The electron configuration of oxygen is ls 2 2s 2 2p A , and the orbital arrangement given by 

Eq. (10.154) has two unpaired electrons corresponding to the ground state 3 i^. The SO 
functional group comprises a double bond between the two unpaired electrons of O . The sulfur 
15 atom is energy matched to the C2sp* HO. In alkyl sulfoxides, the C2sp 3 HO has a 
hybridization factor of 0.91771 (Eq. (13.430)) with a corresponding energy of 

E{c 7 2sp y ) = -14.63489 eV (Eq. (15.25)), and the S AO has an initial energy of 
£(£)=:-10.36001 eV [38]. To meet the equipotential condition of the union of the 5 = 0 H 2 - 

type-ellipsoidal-MO with these orbitals, the hybridization factor c 2 of Eq. (15.52) for the 
20 S = 0 : bond MO given by Eqs. (15.68) and (15.70) is 



c 2 (0 to S3sp 3 to C2sp 3 HO) = -^-c 2 (C2sp 3 Ho) 



1 ViJVV 

= 1.20632 




The S atom also forms a single bond with each of the C2sp 3 HOs of the two C-S 
groups. The formation of these bonds is permitted by the hybridization of the four electrons of 



25 



the S3 p shell to give the orbital arrangement: 

3sp 3 state 

T T T T (15.129) 



0,0 1,-1 1,0 1,1 
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where the quantum numbers {£>m e ) are below each electron. The 3s shell remains unchanged. 
Then, the Couiombic energy E Cottfonh (s,3sp 2 ) of the outer electron of the S3sp* shell given by 
Eq. (15.118) with r , = L17585a 0 (Eq. (15.119)) is -11.57099 eV . Using Eq. (15.16) with the 

3XJ7 

radius of the sulfur atom r I6 = 1.32010a 0 given by Eq. (10.341), the energy E(S3sp i ) of the 
5 outer electron of the S3sp 3 shell is given by the sum of E^^S^sp 3 ) and E(magnetic) : 



E(S3sp 3 ) = 



-e 2 | 2nn 0 e 2 h 2 



9 itf? " e 16 

-e 1 Inp^h 7 - 



(15.130) 



♦ * 



87^1.17585^ w *(i.32010aJ 

,.. ......... =-11.57099 eV + 0.04973 

= -11.52126 eV 

Then, the hybridization energy E i ^ ridbBtHm [S3sp 3 J of the S3sp* HO is 

WK)=£(sV)-£(5) 

= -11.52126 eV-\03$00leV (15.131) 
= -1.16125 eV 

The SO group is matched to the C-S group with which it shares the common 
10 hybridized S atom. Consequently, E hyhrk/tation [S3sp i ) is subtracted from E T [Group) in the 

determination of E D [Group) (Eq. 15.56)). Furthermore, the energy of the S = 0-bond MO is 

the sum of the component energies of the # 2 -type ellipsoidal MO given in Eq. (15.42) with the 
energy matched to the final energy of the hybridized S atom such that 
E(AO/HO) = E(S3sp z )=-U.52\26eV and 

15 ^(^O/^^^K)^ 1 ' 16125 ^' T h e n ' 

E T {AOi HO) = E(S) = -10.36001 eV . Also, E r (atom- atom,msp\AO) of the S=0 bond 

is zero since there are no bonds with a C2sp* HO. 

The C-S group is solved as an energy minimum by hybridizing the 25 and 2p AOs of 

the C atom to form a single 2sp 3 shell and by hybridizing the four S3p electrons to form a 
20 S3sp 3 shell, and the sharing of electrons between the C2sp l HO and the S3sp y HO to form a 
MO permits each participating orbital to decrease in radius and energy. Using the Couiombic 
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energy of the S3sp 3 shell, E^^Slsp 3 ) given by Eq. (15.120) in Eq. (15.63), the S3sp 3 -shell 
hybridization factor, c 2 [S3sp i ) > i s 

C2 (sV) . uy) . -iijw».y . a85045 (15 , 32) 

21 Vj £(//) -13.60580 
As in the case of thiols, sulfides, and disulfides, the energy of sulfur is less than the 
5 Coulombic energy between the electron and proton of H given by Eq. (1.243). Thus, c, and c 2 

are equal to one in Eq. (15.52), and the energy matching condition is determined by the C 2 

parameter. In alkyl sulfoxides, the C2sp 3 HO has a hybridization factor of 0.91771 (Eq. 

(13.430)) with a corresponding energy of E[c,2sp 3 ) = -14.63489 eV (Eq. (15.25)) and the 

Slsp 2 HO has an energy of E(S3$p*)=~i 1.52126 eV (Eq. (15.130)). To meet the 
10 equipotential condition of the union of the C-S if 2 -type~ellipsoidal-MO with, these orbitals, 
the hybridization factor C 2 of Eq. (15.52) for the C-S-bond MO given by Eqs. (15.68) and 
(15.70) is 

C 2 (C2sp>HO to 53V) - W " E|^|S (a85045)== °' 66951 ° 5133) 

As in the case of thiols, sulfides, and disulfides, with the energy of S matched to the 

15 Coulombic energy between the electron and proton of H , the energy of the C-S -bond MO is 

» 

the sum of the component energies of the /f 2 -type ellipsoidal MO given in Eq. (15.42) with 
E{jo/ho)=0 and E T [AO I HO)= &E HjM) (AO I HO) . For sulfoxides, 

6E HUO (AO 1 HO) = -0.72457 eV . Further equi valently , 

E T (atom-atom y msp\AO) = -QJ2451 eV (Eq. (14.151)). 

20 The symbols of the functional groups of branched-chain alkyl sulfoxides are given in 

Table 15.165. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), 
and energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of alkyl sulfoxides are given in 
Tables 15.166, 15.167, and 15.168, respectively. Consider that the C-Sbond is along the x 
axis in the xy-plane. The S nucleus is at the focus +c and the C nucleus is at the focus -c. The 

25 elliptic angle 0 1 is taken as counterclockwise from the x-axis for S and as clockwise from the 
-x-axis for C . The total energy of each alkyl sulfoxide given in Table 15.169 was calculated as 
the sum over the integer multiple of each E D (amv P ) of Table 15.168 corresponding to functional- 
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group composition of the molecule. The bond angle parameters of alkyl sulfoxides determined 
using Eqs. (15.79-15.108) are given in Table 15.170. 

Table 15.165. The symbols of functional groups of alkyl sulfoxides. 

Functional Group I Group Symbol J 



C-S C-S 

SO SO 

CH 3 group C-H(CH t ) 

CH 2 group C-H[CH 2 ) 

CH C-H 

CCbond(n-C) C-C (a) 

CC bond (iso-C) C-C (b) 

CC bond (tert-C) C-C (c) 

CC (iso to iso-C) C-C(d) 

CC(ttot-C) ••! ■ -. C-C (c) 

CC ft to iso-C) , C-C (f) 
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DIMETHYL SULFOXIDE DIHEDRAL ANGLE 

The dihedral angle 0^,^. between the plane defined by the CSC MO comprising a linear 

combination of two S - C -bond MOs and a line defined by the 5=0 -bond MO where S is the 
5 central atom is calculated using the results given in Table 15.170 and Eqs. (15.105-15.108). The 
distance d x along the bisector of Q ACSC from S to the internuclear-distance line between C and 

C,2c' ,is given by 



Q 96 90° 

4 = 2c\,_c C0S ^y C1 = 4.9800a 0 cos^- = 2.23423a 0 



(15.134) 



where 2c' s _ c is the internuclear distance between S and C. The atoms C, C, and O define 
10 the base of a pyramid. Then, the pyramidal angle can be solved from the internuclear 
distances between C and C , 2c' c _ c: , and between C and O, 2c ^_ 0 , using the law of cosines 



(Eq. (15.106)): 



= cos 



-! 



(4.95984) 2 +(4.95984) 2 - (4.9800)' 
2(4.95984)(4.95984) 



\ 



(15.135) 



= 60.27° 



Then, the distance d r along the bisector of 6 av)C from O to the internuclear-distance line 



15 2c' f; < .,is given by 



d 2 = 2c' ( ._ ( ,cos-^ = 4.95984a 0 cos^|^ = 4.28952a 0 



(15.136) 



The lengths d,, d 2 , and 2c' s ^ Q define a triangle wherein the angle between d l and the 

internuclear distance between O and S , 2c' Sss()9 is the dihedral angle fl^o/cse can ^ e 
solved using the law of cosines (Eq. (15.108)): 



20 



= cos 



-I 



v J 
r (2.23423) 2 + (2.81792) 2 -(4.2 8952) 2 ^ 
2(2.23423)(2.81792) 



(15.137) 



= 115.74° 
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The experimental [1] dihedral angle Q^onsc is 

A -115 5 o < 15138 > 
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SULFITES (C a H^{S0^ a , « = 2,3,4,5...oo) 

The alkyl sulfites, C n H M (SO t ) m , comprise a C-O-SO-O-C moiety that 

comprises two types C - 0 functional groups, one for methyl and one for alkyl, and O - S and 
SO functional groups. The alkyl portion of the alkyl sulfite may comprise at least two terminal 
5 methyl groups (Cff 3 ) at each end of the chain, and may comprise methylene (CH 2 ), and 
methylyne (CH) functional groups as well as C bound by carbon-carbon single bonds. The 
methyl and methylene functional groups are equivalent to those of straight-chain alkanes. Six 
types of C-C bonds can be identified. The n-alkane C-C bond is the same as that of 
straight-chain alkanes. In addition, the C- C bonds within isopropyl ([CH 3 ) 2 CH) and t-butyl 

10 ((CH 3 ) C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl 

C-C bonds comprise functional groups. The branched-chain-alkane groups in sulfites are 
equivalent to those in branched-chain alkanes. 

The SO functional group is equivalent to that of sulfoxides with 

E T [atom - atom, msp 3 AO) = 0 as given in the Sulfoxides section. The methyl and alkyl C-0 
15 functional groups having E T [atom- atom,msp y .Ao} = -1. 44915 eV and 

E T [atom- atom,msp z .AO) = -1.65376 eV , respectively, are equivalent to the corresponding 

ether groups given in the Ethers section except for the energy terms corresponding to oscillation 
of the bond in the transition state. 

The electron configuration of oxygen is \s 2 2s 2 2p 4 , and the orbital arrangement given by 

20 Eq.. (10.154) has two unpaired electrons corresponding to the ground state 3 P 2 * The SO 

functional group comprises a double bond between the S atom and the two unpaired electrons 
of O. The S atom also forms single bonds with two additional oxygen atoms that are each 
further bound to methyl or alkyl groups. The first bond-order bonding in the O-S groups is 
between the sulfur atom and a 02 p AO of each oxygen of the two bonds. The formation of 
25 these four bonds with the sulfur atom is permitted by the hybridization of the four electrons of 
the S3p shell to give the orbital arrangement given by Eq. (15.129). Then, the Coulombic 

energy B CaM [s 9 ^) of the outer electron of the S3sp* shell given by Eq. (15.120) with 

r =l.l7585a 0 (Eq. (15.119)) is -11.57099 eV . Using Eq. (15.16) with the radius of the 
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sulfur atom r 16 = 1.32010a 0 given by Eq. (10.341), the energy E(S3sp 3 ) of the outer electron of 
the S3sp 3 shell given by the sum . of E Cou!olnb [s3sp 2 ) and E(magnetic) is 
E(S3sp 3 ) = -1 1 .52126 eV (Eq. (15.130)). 

Thus, the O - S group is solved as an energy minimum by hybridizing the four £3 p 
5 electrons to form a S3sp 3 shell, and the sharing of electrons between the 02p AO and the 
S3sp 3 HO to form a MO permits each participating orbital to decrease in radius and energy. As 
in the case of thiols, sulfides, disulfides, and sulfoxides, the energy of sulfur is less than the 
Coulombic energy between the electron and proton of H given by Eq. (1.243). Thus, c t and c 2 
are equal to one in Eq. (15.52), and the energy matching condition is determined by the C 2 
10 parameter. Each Clsp 3 HO has a hybridization factor of 0.91771 (Eq. (13.430)) with a 
corresponding energy of E$C y 2sp*} = -14.63489 eV (Eq. (15.25)), and the S HO has an 
energy of E[S3sp 3 ) = -11 .52126 eV . To meet the equipotential condition of the union of the 
O-S H 2 -type-ellipsoidal-MO with these orbitals with the oxygen that further bonds to a 

Clsp 3 HO, the hybridization factor C 2 of Eq. (15.52) for the O-S-bond MO given by Eqs. 
15 (15.68) and (15.70) is 

C 2 (S3sp 3 to O to C2sp 3 HO) = ^qJ) ^ (C2sp 3 HO) 

-11.52126 eV,_ . 

' -13.6.806 J ™ 7 ") < ,5,39 » 
= 0.77641 

t 

As in the case of thiols, sulfides, disulfides, and sulfoxides, with the energy of S 
matched to the Coulombic energy between the electron and proton of H , the energy of the 
O - S -bond MO is the sum of the component energies of the H 2 -type ellipsoidal MO given in 

20 Eq. (15.42) with e(aO/HO) = 0 and E T {AOIHO)= AE HMO (AO/HO). For sulfites, 
&E„ iMO [AO/ HO) = ~0.92meV and equivalently, 

E r [atom -atom, msp 3 AO) = -0.929 18 eV (Eq. (14.513)) due to the maximum energy match 
with the oxygen AO as in the case with carboxylic acid esters. 
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The symbols of the functional groups of branched-chain alkyl sulfites are given in Table 

15.177. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of alkyl sulfites are given in Tables 

15.178, 15.179, and 15.180, respectively. The total energy of each alkyl sulfite given in Table 
5 15.175 was calculated as the sum over the integer multiple of each E d (gwp) of Table 15.180 

corresponding to functional-group composition of the molecule. The bond angle parameters of 
alkyl sulfites determined using Eqs. (15.79-15.108) are given in Table 15.182. 

Table 15.177. The symbols of functional groups of alkyl sulfites. 

iFunctional Group 1 Group Symbol I 



C-0 (methyl) C-0 (i) 

C-0 (alkyl) C-0 (ii) 

0-S0 2 OS 

so so 

CH, group C-H (Cffj ) 

CH 2 group C-H(CH 2 ) 

CH C-H 

CC bond (n-C) C - C (a) 

CC bond (iso-C) C-C (b) 

CC bond (tert-C) . . C-C (c) 

CC (iso to iso-C) C-C {A) 

CC(ttot-C) C-C (e) 

CC(t to iso-C) _. C-C (f) 
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SULFATES (C n H^ 2 (S0 A ) m , «= 2,3,4,5..^) 

The alkyl sulfates, C n H 2n+2 [S0 4 ) m9 comprise a C-0-S0 2 -(9-C moiety that 

comprises two types C - O functional groups, one for methyl and one for alkyl, and O - S and 
S0 2 functional groups. The klkyl portion of the alkyl sulfate may comprise at least two 
5 terminal methyl groups (CH 3 ) at each end of the chain, and may comprise methylene (CH 2 )> 
and methylyne (GET) functional groups as well as C bound by carbon-carbon single bonds. 
The methyl and methylene functional groups are equivalent to those of straight-chain alkanes. 
Six types of C - C bonds can be identified. The n-alkane C - C bond is the same as that of 

straight-chain alkanes. In addition, the C - C bonds within isopropyl ((C# 3 ) 2 CH) and t-butyl 
10 ((CH 3 ) C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl 
C - C bonds comprise functional groups. The branched-chain-alkane groups in sulfates are 

r 

equivalent to those in branched-cbain alkanes. 

The methyl and alkyl C-0 functional groups having 

E T [atom - atom 9 msp*A(j) = -1 :4491 5 eV and E T [atom - atom 9 msp*AO) = -1 .65376 eV , 
15 respectively, are equivalent to the corresponding groups given in the Sulfites section. 5 The 
O-S fbhttiorial group having E T [atom- atom,msp l AO} = ^-0.92918 eV is equivalent to'fhkt 
given in the Sulfites section. The S0 2 functional group is equivalent to that of sulfones with 
E T [atom - atom, msp s AO > j = 0 as given in the Sulfones section. 

The symbols of the functional groups of branched-chain alkyl sulfates are given in Table 
20 15,183. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of alkyl sulfates are given in Tables 
15.184, 15.185, and 15.186, respectively. The total energy of each alkyl sulfate given in Table 
15.187 was calculated as the sum over the integer multiple of each E 0 (amu P ) of Table 15.186 

corresponding to functional-group composition of the molecule. The bond angle parameters of 
25 alkyl sulfates determined using Eqs. (15,79-15.108) are given in Table 15.188. 
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NITROALKANES {C n H 2n , 2 . m (N0 2 ) m , n = 1,2,3,4,5...°°) 

■ 

The nitroalkanes, C a H 2 ^ 2 _ m (N0 2 ) m , comprise a N0 2 functional group and a C-N 

functional group. The alkyl portion of the nitroalkane may comprise at least two terminal 
methyl groups (CH 3 ) at each end of the chain, and may comprise methylene {CH 2 \ and 

> 

5 methylyne (CH) functional groups as well as C bound by carbon-carbon single bonds. The 
methyl and methylene functional groups are equivalent to those of straight-chain alkanes. Six 
types of C - C bonds can be identified. The n-alkane C - C bond is the same as that of 
straight-chain alkanes. In addition, the C-C bonds within isopropyl ((CH^CH) and t-butyl 

((Cff 3 ) 3 C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, and t-butyl to t-butyl 

10 C-C bonds comprise functional groups. The branched-chain-alkane groups in nitroalkanes are 
equivalent to those in branched-chain alkanes. 

The electron configuration of oxygen is Is 2 2s 2 2 p* , and the orbital arrangement given by 

Eq. (10.154) has two unpaired electrons corresponding to the ground state l P 2 . The electron 

configuration of nitrogen is ls 2 2s 2 2p 3 , and the orbital arrangement given by Eq. (10.134) has 

* 

■ 

15 three unpaired electrons corresponding to the ground state 4 S 3 ° /2 . The bonding in the nitro 
(N0 2 ) functional group is similar to that in the S0 2 group given previously. It also has 
similarities to the bonding in the carbonyl functional group. In the N0 2 group, the two unpaired 
electrons of the O atoms form a MO with two unpaired electrons of the nitrogen atom such that 
the MO comprises a linear combination of two bonds, each of bond order two involving the 

20 nitrogen AOs and oxygen AOs of both oxygen atoms. The nitrogen atom is then energy 
matched to the C2sp 3 HO. In nitroalkanes, the CZsp 3 HO has a hybridization factor of 

0.91771 (Eq. (13.430)) with a corresponding energy of E[c>2sp y } « -14.63489 eV (Eq. 
(15.25)), the N AO has an energy of e(n) = -14.53414 eV 9 and the O AO has an energy of 
Elo) = -13. 61 806 eV [38]. To meet the equipotential condition of the union of the N = 0 

25 // 2 -type-ellipsoidal-MO with these orbitals, the hybridization factor c 2 of Eq. (15.52) for the 

N = 0 -bond MO given by Eqs. (1 5.68) and (15.70) is 

_B(0) 



C 2 



(OtoN2p to C2sp 3 HO) = -j±j+c 2 (C2sp 3 HO) 



m -13.61806 eV 

-14.53414 eV v ' 
= 0.85987 
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Since there are two O atoms in a linear combination that comprises the bonding of the N0 2 
group, the unpaired electrons of each O cancel each others effect such that E mag is not 
subtracted from the total energy of N0 2 . Additionally, 
E T (atom-atom 9 msp\Ao) = -3 .71673 e7 = 4(-0.92918 ef) (Eq. (14.513)) is the maximum 

5 given the bonding involves four electrons comprising two bonds* each having a bond order of 
one. 

The C-N group is equivalent to that of primary amines except that the energies 
corresponding to vibration in the transition state are matched to a nitroalkane and 
AE„ m (AOIHO) = -0.72457 eV for nitroalkane and A£ HjW0 (AO/HO) = -1.44915 eV for 

10 primary amines. Whereas, E T (atom T atom,msp\AO) = -I A4915 eV for both functional 
groups. . This condition matches the energy of the C-N. group with the N0 2 having 

* ■ 

AE HUf> (AO/HO)=0. 

The symbols of the functional groups of branched-chain nitroalkanes are given in Table 

15.189. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
15 energy (Eqs. (15.6-1511 1) and (15.17-15.56)) parameters of nitroalkanes are given in Tables 

15.190, 15.191, and 15.192, respectively. The total energy of each nitroalkane given in Table 
15.193 was calculated as the sum over the integer multiple of each E D (anup) of Table 15.192 

corresponding to functional-group composition of the molecule. E mag given by Eq. (15.58) was 

subtracted for each t-butyl group. The bond angle parameters of nitroalkanes determined using 
20 Eqs. (15.79-15.108) are given in Table 15.194. 



Functional Group 


Group Symbol 


N0 2 group 


N0 2 


C-N 


C-N 


CH 3 group . 


C-H (CH 3 ) 


CH 2 group 


c-h(ch 2 ) 


CH 


C-H 


CC bond (n-C) 


C-C (a) 


CC bond (iso-C) 


C-C(b) . 


CC bond (tert-C) 


C-C(c) 


CC (iso to iso-C) 


C-C (d) 


CC (t to t-C) 


C-C (e) 


CC (t to iso-C) 


C-C(f) 
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ALKYL NITRITES {C n H 2n + 2 _ m (N0 2 ) m , «-l,2,3,4,5...oo) 

The alkyl nitrites, C H H M2 _ m [N0 2 ) , comprise a RC-O-NO moiety that comprises 

C-O, 0 - N , and NO functional groups. The alkyl portion of the alkyl nitrite may comprise 
at least two terminal methyl groups (C7f 3 ) at each end of the chain, and may comprise 
5 methylene (CH 2 ) 5 and methylyne (CH) functional groups as well as C bound by carbon- 
carbon single bonds. The methyl and methylene functional groups are equivalent to those of 
straight-chain alkanes. Six types of C - C bonds can be identified. The n-alkane C-C bond 
is the same as that of straight-chain alkanes. In addition, the C - C bonds within isopropyl 

((CH 3 ) CH) and t-butyl ((c*f 3 ) 3 C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, 

10 and t-butyl to t-butyl C-C bonds comprise functional groups. The branched-chain-alkane 
groups in alkyl nitrites are equivalent to those in branched-chain alkanes. 

The electron configuration of oxygen is Is 2 2s 2 2p A , and the orbital arrangement given by 

Eq. (10.154) has two unpaired electrons corresponding to the ground state *P 2 . The electron 
configuration of nitrogen is ls 1 2s 2 2p i , and the orbital arrangement given by Eq. (10.134) has 
15 three unpaired electrons corresponding to the ground state A S* n . The bonding in the nitro (NO) 
functional group is similar to that in the SO group given previously. It also has similarities to 

i 

the bonding in the carbonyl functional group. In the NO group, the two unpaired electrons of 
the O atom form a MO with two unpaired electrons of the nitrogen atom such that the MO 
comprises a double bond. The nitrogen atom is then energy matched to the 0— N functional 

20 group that is further energy matched to the C2sp* HO of the C- O functional group. To meet 
the equipotential condition of the union of the N = 0 # 2 -type-ellipsoidal-MO with other 
orbitals of the molecule, the hybridization factor c 2 of Eq. (15.51) for the N = 0-bond MO 

given by Eq. (15.140) is c 2 (o to N2p to C2sp 3 HO) = 0.85987 . 

As in the case of the carbonyl group, two unpaired O electrons result upon bond 
25 breakage of the N = O bond which requires that two times E of oxygen (Eq. (15.59)) be 

subtracted from the total energy of NO. Additionally, E T [atom- atom 9 msp* .AO} and 
AE H MO (AO/HO) are equal to -0.92918 eV (Eq. (14.513)) which matches the energy of the 

N = 0 bond with the contiguous O-N bond and matches the energy contribution of an 
oxygen atom. 
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The O-N functional group comprise a single-bond, # 2 -type-ellipsoidal-MO between 
the remaining unpaired nitrogen electron and an unpaired electron of the second oxygen atom 
which further forms a single bond with the C2sp 3 HO of the C- O functional group. In alkyl 
nitrites, the hybridization factor c 2 of Eq. (15.52) for the C-O -bond MO given by Eq. 

5 (15.114) is c 2 (C2sp 3 HO to £>) = 0.85395. The hybridization factor c 2 of Eq. (15.52) for a 

C-#-bond MO given by Eq. (15.116) is c 2 (C2sp 3 HO to N) = 0.91140 . Thus, the 

hybridization factor c 2 of Eq. (15.52) for 0- N that bridges the C - O and N = O bonds given 
by Eq. (15.69) is 

, c 2 (C2sp 3 HO toN) 0.91140 

c 2 {N2p to 02p)^-l) 4 {= V = L06727 (15.141) 

2V F y; c 2 (C2sp 3 HO to O) 0.85395 

10 E r [atom- atom y msp 3 )AO) = -0.92918 eV in order to match the energy of the NO 

group and E^AO I HO) = -15.35946 eV in order to match the C-0 functional group. 

The C-0 functional group is equivalent to that of an ether as given in the 
corresponding section except that E T {atom- atom,msp 2 AO} and AE H are both 

-0.72457 eV which matches the energy contribution of an independent C2sp 3 HO (Eq. 

15 (14.151)). Also, the energy terms corresponding to the oscillation of the bond in the transition 

state are matched to a nitrite. 

The symbols of the functional groups of branched-chain alkyl nitrites are given in Table 

15.195. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 

energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of alkyl nitrites are given in Tables 
20 15.196, 15.197, and 15.198, respectively. The total energy of each alkyl nitrite given in Table 

15.199 was calculated as the sum over the integer multiple of each £ D (ow) of Table 15.198 

corresponding to functional-group composition of the molecule. The bond angle parameters of 
alkyl nitrites determined using Eqs. (15.79-15.108) are given in Table 15.200. 
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ALKYL NITRITES (C.H^NO^, «= 1,2,3,4,5...-) 

The alkyl nitrites, C a H^ m [NO t ) , comprise a RC-O- NO moiety that comprises 

C-O, 0-JV,and NO functional groups. The alkyl portion of the alkyl nitrite may comprise 
at least two terminal methyl groups (CH 3 ) at each end of the chain, and may comprise 
5 methylene (C# 2 ), and methylyne (CH) functional groups as well as C bound by carbon- 
carbon single bonds. The methyl and methylene functional groups are equivalent to those of 
straight-chain alkanes. Six types of C- C bonds can be identified. The n-alkane C-C bond 
is the same as that of straight-chain alkanes. In addition, the C - C bonds within isopropyl 
((C# 3 ) 2 CH ^ md t-butyl ((C7/ 3 ) 3 C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, 

10 and t-butyl to t-butyl C-C bonds comprise functional groups. The branched-chain-alkane 
groups in alkyl nitrites are equivalent to those in branched-^hain alkanes. 

The electron configuration of oxygen is \s 2 2s l 2p A , and the orbital arrangement given by 
Eq. (10.154) has two unpaired electrons corresponding to the ground state *P 2 . the electron 
configuration of nitrogen is \s 2 2s*2p\ and the orbital arrangement given by Eq. (10.134) has 
15 three unpaired electrons corresponding to the ground state 4 Sj 2 . The bonding in the nitro (NO) 

functional group is similar to that in the SO group given previously. It also has similarities to 
the bonding in the carbonyl functional group. In the NO group, the two unpaired electrons of 
the O atom form a MO with two unpaired electrons of the nitrogen atom such that the MO 
comprises a double bond. The nitrogen atom is then energy matched to the O-N functional 
20 group that is further energy matched to the Clsp* HO of the C - O functional group. To meet 
the equipotential condition of the union of the N = 0 7/ 2 -type-ellipsoidal-MO with other 
orbitals of the molecule, the hybridization factor c 7 of Eq. (15.51) for the N = 0 -bond MO 
given by Eq. (15.140) is c 2 (o to Nip to C2sp 3 HO) = 0.85987 . 

As in the case of the carbonyl group, two unpaired O electrons result upon bond 
25 breakage of the N = 0 bond which requires that two times E of oxygen (Eq. (15.59)) be 

subtracted from the total energy of NO. Additionally, E T [atom- atom,msp\AOj and 

^^mo^ 0 1 H0 ) are e( l ual t0 -0.9291 8 eV (Eq. (14.513)) which matches the energy of the 

N = 0 bond with the contiguous O-N bond and matches the energy contribution of an 
oxygen atom. 
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The O - N functional group comprise a single-bond, H 2 -type-ellipsoidal-MO between 
the remaining unpaired nitrogen electron and an unpaired electron of the second oxygen atom 
which further forms a single bond with the C2sp 3 HO of the C - O functional group. In alkyl 
nitrites, the hybridization factor c 2 of Eq. (15.52) for the C-O-bond MO given by Eq. 

5 (15.114) is c t (C2sp 3 HO to o) = 0.85395. The hybridization factor c 2 of Eq. (15.52) for a 
C-7\T -bond MO given by Eq. (15.116) is c 2 (C2sp 3 HO to Ar) = 0.91140. Thus, the 

hybridization factor c 2 of Eq. (1 5.52) for O - N that bridges the C - O and N = O bonds given 

by Eq. (15.69) is 

, c 2 (C2sp 3 HO toN) 0.9114O 

c 2 {N2p to 02p) = -±) 1 = = 1.06727 (15.141) 

1 c 2 (C2sp 3 HO to O) 0.85395 v J 

10 E r [atom- atom, msp 3 . A o) = -0.92918 eV in order to match the energy of the NO 

group and e(A0IH0) = -15.35946 eV in order to match the C- O functional group. 

The C-0 functional group is equivalent to that of an ether as given in the 
corresponding section except that E T {atom-atom y msp 3 .A(j} and AE H MO (AO I HO) are both 

-0.72457 eV which matches the energy contribution of an independent C2sp 3 HO (Eq. 

15 (14.151)), Also, the energy terms corresponding to the oscillation of the bond in the transition 

state are matched to a nitrite. 

The symbols of the functional groups of branched-chain alkyl nitrites are given in Table 

15.195. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 

energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of alkyl nitrites are given in Tables 
20 15.196, 15.197, and 15.198, respectively. The total energy of each alkyl nitrite given in Table 

15.199 was calculated as the sum over the integer multiple of each E d [gh»p) of Table 15.198 

corresponding to functional-group composition of the molecule. The bond angle parameters of 
alkyl nitrites determined using Eqs. (15.79-15.108) are given in Table 15.200. 
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ALKYL NITRATES (C n H 2n ^ m (N0 2 ) a , » - U,3,4,5...~) 

The alkyl nitrates, C^H^^NO^ comprise a RC-0-NO t moiety that comprises 
C- 0, £7- N , and N0 2 functional groups. The alkyl portion of the alkyl nitrate may comprise 
5 at least two terminal methyl groups ( CH 3 ) at each end of the chain, and may comprise 
methylene {CH 2 \ and methylyne (CH) functional groups as well as C bound by carbon- 
carbon single bonds. The methyl and methylene functional groups are equivalent to those of 
straight-chain alkanes. Six types of C- C bonds can be identified. The n-alkane C- C bond 
is the same as that of straight-chain alkanes. In addition, the C - C bonds within isopropyl 
10 ((C# 3 ) 2 CH) and t-butyl {{CH^C) groups and the isopropyl to isopropyl, isopropyl to t-butyl, 

and t-butyl to t-butyl C - C bonds comprise functional groups. The branched-chain-alkane 
groups in alkyl nitrates are equivalent to those in branched-chain alkanes. 

The N0 7 functional group is equivalent to that of riitro alkanes with the exception that 

^h^o^ 0 1 H0 ) M weI1 ^ E T [atom- atom 9 msp* .AO) is equal to -3.71673 eV in order to 
15 match the group energy to that of the contiguous O-N bond. Furthermore, the O-N group 
with E T {atom- atom,msp* AO) = -0.92918 eV is equivalent to that of nitrites as given in the 
corresponding section. 

The C-O functional group is equivalent to that of an ether as given in the 
corresponding section except that E T [atom- atom,msp\AO) and AE (AO/HO) are both 

■ » ^ 

, 20 -0.92918 eV which matches the energy contribution of an independent C2sp* HO (Eq. 
(1.4.513)). Also, the energy terms corresponding to the oscillation of the bond in the transition 

■ 

state are matched to a nitrate. 

» i 

The symbols of the functional groups of branched-chain alkyl nitrates are given in Table 

15.201. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
25 energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of alkyl nitrates are given in Tables 

15.202, 15.203, and 15.204, respectively. The total energy of each alkyl nitrate given in Table 
15.205 was calculated as the sum over the integer multiple of each E d [g™ p ) of Table 15.204 
corresponding to functional-group composition of the molecule. The bond angle parameters of 
alkyl nitrates determined using Eqs. (15.79-15.108) are given in Table 15.206. 

30 
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► . _ 

CYCLIC AND CONJUGATED ALKENES 
( C n H 2n+i-i m -u> * = 3,4,5...", m = 1,2,3.., c - 0 or 1) 

The cyclic and conjugated alkenes are represented by the general formula 
C H n ^ . , , n = 3,4,5.. .<*>, m - 1,2,3..., c = 0 or 1 where /n is the number of double bonds . 

5 and c = 0 for a straight-chain alkene and c = l for a cyclic alkene. They have at least one 
carbon-carbon double bond comprising a functional group that is solved equivalently to the 
double bond of ethylene. Consider the cyclic and conjugated alkenes 1,3 -butadiene, 1,3- 
pentadiene, 1,4-pentadiene, 1,3-cyclopentadiene, and cyclopentene. Based on the condition of 
energy matching of the orbital, any magnetic energy due to unpaired electrons in the constituent 
1 0 fragments, and differences in oscillation in the transition state, five distinct C - C functional 
groups can be identified as given in Table 1 5 .208. The designation of the structure of the groups 
are shown in Figures 61A-E. In addition, CH 2 of any -C = CH 2 moiety is an conjugated 

alkene functional group. The alkyl portion of the cyclic or conjugated alkene may comprise at 
least one terminal methyl group (C// 3 ), and may comprise methylene (CH 2 \ and methylyne 

1 5 ( CH ) functional groups that are equivalent to those of branched-chain alkanes. 

The solution of the functional groups comprises the hybridization of the 2s and 2p 

AOs of each C to form a single 2sp* shell as an energy minimum, and the sharing of electrons 

between two C2sp 3 HOs to form a MO permits each participating hybridized orbital to decrease 

» 

in radius and energy. The C- C groups are solved in the same manner as those of the 
20 branched-chain alkanes given in the corresponding section. For example, the cyclopentene 

C - C h group is equivalent to the n- C - C alkane group. Many of the corresponding energies 

of the molecules of this class are similar, and they can be related to one another based on the 
structure. For example, cyclopentadiene is formed by ring closure of 1,3-pentadiene with the 
elimination of H from the terminal methyl and methylene groups. Thus, the energy of each of 
25 the corresponding carbon-carbon bonds in cyclopentadiene is the same as that in 1,3-pentadiene 
except that the difference between the energies of the 1,3-pentadiene C c -C d and the 

cyclopentadiene C a - C b groups is the magnetic energy (Eq. (15.58)) which is subtracted from 

the C a - C h total bond energy according to Eqs. (13.524-13.527) due to the formation of a CH 
group from the methylene group. 
30 E T [atom- atom,msp l .AO) of the C = C-bond MO in Eq. (15.52) due to the charge 

donation from the C atoms to the MO is equivalent to that of ethylene, -2.26759 eV , given by 
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Eq. (14.247). E r (atom-atom,msp\AO) of each C-C-bond MO in Eq. (15.52) is 

-2.26759 <?7 or -1.85836 eV based on the energy match between the Clsp* HOs 

corresponding to the energy contributions equivalent to those of alkene, -1.13379 eV (Eq. 
(14.247)), or methylene, -0.92918 eV (Eq. (14.513)), groups, respectively, that are contiguous 

5 with the C-C-bond carbons. In the former case, the total energy of the C-C bond MO is 
matched to that of the aJkane energy in the determination of the bond length. The charge density 
of 0.5e must be donated to the C - C bond in order to match the energy of the adjacent flanking 
double bonds. This further lowers the total energy of the C-C-bond MO and increases the 
C-C bond energy. This additional lowering of the C-C-bond energy by additional charge 

10 donation over that of an alkane bond due to adjacent double bonds is called conjugation. 

The symbols of the functional groups of cyclic and conjugated alkenes are given in Table 
15.207. The structures of 1,3-butadiene, 1,3-pentadiene, 1,4-pentadiene, 1,3-cyclopentadiene, 
and cyclopentene are shown in Figures 61 A-E, respectively. The geometrical (Eqs. (15.1-15.5) 
and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. (15.6-15.11) and (15.17-15.56)) 

15 parameters of cyclic and conjugated alkenes are given in Tables 15.208, 15.209, and 15.210, 
respectively. The total energy of each cyclic or conjugated alkenes given in Table 15.21 1 was 
calculated as the sum over the integer multiple of each E D [amap) of Table 15.210 corresponding 
to functional-group composition of the molecule. For each set of unpaired electrons created by 
bond breakage , the C2.sp 3 HO magnetic energy E that is subtracted from the weighted sum 

20 of the E D (omu P ) (eV) values based on composition is given by Eq. (15.58). The bond angle 

parameters of cyclic and conjugated alkenes determined using Eqs. (15.79-15.108) are given in 
Table 15.212. 
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AROMATIC AND HETEROCYCLIC COMPOUNDS 

Aromatic and heterocyclic molecules comprise at least one of an aromatic or a cyclic 
conjugated alkene functional group. The latter was described in the Cyclic and Conjugated 
Alkenes section. The aromatic bond is uniquely stable and requires the sharing of the electrons 
5 of multiple H 2 -type MOs. The results of the derivation of the parameters of the benzene 

molecule given in the Benzene Molecule (C 6 H 6 ) section can be generalized to any aromatic 
function group(s) of aromatic and heterocyclic compounds. 

C 6 H 6 can be considered a linear combination of three ethylene molecules wherein a 

C - H bond of each CH 2 group of H 2 C = CH 2 is replaced by a C = C bond to form a six- 
10 member ring of carbon atoms. The solution of the ethylene molecule is given in the Ethylene 
Molecule (CH 2 CH 2 ) section. The radius (0.85252a 0 ) of the C2sp i shell of ethylene 

calculated from the Coulombic energy is given by Eq. (14.244). The Coulombic energy 
£ c ou w( c ^' 2 ^) (-15.95955 eV ) of the outer electron of the C2sp 3 shell is given by Eq. 

» 

(14.245). The energy J?(C e/Mfaj<f9 2jp 3 ) (-15.76868 <?K)ofthe outer electron of the C2sp y shell 

15 is given by Eq. (14.246). E T (c = C,2sp 3 ) (-1.13380 eV ) (Eq. (14.247), the energy change of 

each Clsj? shell with the formation of the C = C -bond MO is given by the difference between 

^{pdhykne^Pj ^ -^{c,2sp^ . C 6 # 6 can be solved using the same principles as those used 

to solve ethylene wherein the 2s and 2p shells of each C hybridize to form a single 2sp* shell 
as an energy minimum, and the sharing of electrons between two C2sp 3 hybridized orbitals 

* 

20 (HOs) to form a molecular orbital (MO) permits each participating hybridized orbital to 
decrease in radius and energy. Each 2sp* HO of each carbon atom initially has four unpaired 
electrons. Thus, the 6 H atomic orbitals (AOs) of benzene contribute six electrons and the six 
sp* -hybridized carbon atoms contribute twenty-four electrons to form six C- H bonds and six 
C = C bonds. Each C - H bond has two paired electrons with one donated from the H AO 

25 and the other from the C2sp* HO. Each C = C bond comprises a linear combination of a factor 

of 0.75 of four paired electrons (three electrons) from two sets of two C2sp* HOs of the 

■ 

participating carbon atoms. Each C-H and each C = C bond comprises a linear combination 
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of one and two diatomic H 2 -type MOs developed in the Nature of the Chemical Bond of 

. Hydrogen-Type Molecules and Molecular Ions section, respectively. 

Consider the case where three sets of C = C -bond MOs form bonds between the two 
carbon atoms of each molecule to form a six-member ring such that the six resulting bonds 
5 comprise eighteen paired electrons. Each bond comprises a linear combination of two MOs 

wherein each comprises two C2sp i EOs and 75% of a tfj-type ellipsoidal MO divided between 
the C2sp 3 HOs: 



3(2 C2sp z + 0.75 H 1 MO) -» 3(0= c) - ethylene -type- bond MO 
6(c=c)- 



bond MO of benzene 



(15.142) 



10 The linear combination of each #~-type ellipsoidal MO with each C2sp* HO further comprises 

an excess 25% charge-density contribution per bond from each C2sp 3 HO to the C = C -bond 

MO to achieve an energy minimum. Thus, the dimensional parameters of each bond C = C- 
bond are determined using Eqs. (15.42) and (15.1-15.5) in a form that are the same equations as 
those used to determine the same parameters of the C = C -bond MO of ethylene (Eqs. (14.242- 
15 14.268)) while matching the boundary conditions of the structure of benzene. 

Hybridization with 25% electron donation to each C = C -bond gives rise to the 

C b^ 2s p" HO-shell Coulombic energy £ cWom ,(C te ,2sp 3 ) given by Eq. (14.245). To meet 
the equipotential condition of the union of the six C2sp 3 HOs, c 7 and C 2 of Eq. (1 5.42) for the 

aromatic C=C-bond MO is given by Eq. (15.62) as the ratio of 15.95955 eV , the magnitude of 

20 E CjaM (c lMnM ,2sp*} (Eq. (14.245)), and 13.605804 eV , the magnitude of the Coulombic 

. • ■. • . . 

energy between the electron and proton of H (Eq. (1.243)): 



W * m . 



C 2 (benzeneC2sp 3 HO)= c 1 (benzeneC2sp 3 HO)= 13 - 605804 eV = 0.85252 . (15.143) 
% f ' 15.95955 eV 



3tr 

The energies of each C=C bond of benzene are also determined using the same 
equations as those of ethylene (Eqs. (14.251-14.253) and (14.319-14.333) with the parameters of 

25 benzene. Ethylene serves as a basis element for the C-C bonding of benzene wherein each of 
the six C=C bonds of benzene comprises (0.75)(4) = 3 electrons according to Eq. (15.142). 
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The total energy of the bonds of the eighteen electrons of the C=C bonds of benzene, 
E r [c 6 H 6 ,C=c) , is given by (6)(0.75) times E T+osc ic = c) (Eq. (14.492)), the total energy of 

3tf . , 

the C=C-bond MO of benzene including the Doppler term, minus eighteen times E[C y 2sp 3 j 



3* 



(Eq. (14.146)), the initial energy of each C2sp 3 HO of each C that forms the C=C bonds of 



3c 



,5 bond order two. Thus, the total energy of the six C=C bonds of benzene with three electron 
per aromatic bond given by Eq. (14.493) is 

f 3ff 



C 6 # 6 ,C=C] = (6)^ 

= (6)((X75)(-«66.05796 eV)- 18(^14.63489 eV) 
= -297.26081 eV- (-263.42798 eV) 
= -33.83284 eV 



(15.144) 



The results of benzene can be generalized to the class of aromatic and heterocyclic compounds. 
E^ of an aromatic bond is given by £ r (# 2 ) (Eqs. (11.212) and (14.486)), the maximum total 



1 0 energy of each H 2 -type MO such that 



-31.63536831 eV, 



Mc 1 



+ 




(15.145) 



The factor of 0.75 corresponding to the three electrons per aromatic bond of bond order two 
given in the Benzene Molecule (C 6 # 6 ) section modifies Eqs. (15.52-15.56). Multiplication of 

the total energy given by Eq. (15.55) by f x - 0.75 with the substitution of Eq. (15.145) gives the 
1 5 total energy of the aromatic bond: 



f E(basis energies)* E T {atom- atom.msp 2 AO} 



E r (Gmvp) — f x 



-31.63536831 e 



\ 



A 



2h \ 



C, C, e 2 

]a In 



m 



m c 

e 



J 



(15.146) 
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The total bond energy of the aromatic group E D (crmp) is the negative difference of the total 
energy of the group (Eq. (15.146)) and the total energy of the starting species given by the sum 
of c A E iM (c A AOIHO) and c 5 E Mlua (c $ AO / HO): 



E D [Group) = - 



f E(basis energies)* E T [atom- atom,msp* \AOj 



-3 1 .6353683 1 eV 



9£J 



I m/ 1 "* 3 r 3 



(15.147) 



5 Since there are three electrons per aromatic bond, c 4 is three times the number of aromatic 
bonds. 

Benzene can also be considered as comprising chemical bonds between six CH radicals 
wherein each radical comprises a chemical bond between carbon and hydrogen atoms. The 
solution of the parameters of CH is given in the Hydrogen Carbide (CH) section. Those of the 

* * * 

10 benzene are given in the Benzene Molecule ( C 6 /f 6 ) section. The energy components of V t , V , 

T 9 V m , and E T are the same as those of the hydrogen carbide radical, except that 

£ r (c = C,2.sp 3 ) = -U3379 eV (Eq. (14.247)) is subtracted from E T [CH) of Eq. (13.495) to 
match the energy of each C- i/-bond MO to the decrease in the energy of the corresponding 

» 

C2sp* HO. In the corresponding generalization of the aromatic CH group, the geometrical 
15 parameters are determined using Eq. (15.42) and Eqs. (15.1-15.5) with 

E T ( atom — atom, msp* A O ) = - 1 . 1 3 3 79 e V . 

The total energy of the benzene C-H -bond MO, E T [ C - H ) , given by Eq. (14.467) 

is the sum of 0.5£ r (c = C>2sp* j , the energy change of each C2sp 3 shell per single bond due to 

the decrease in radius with the formation of the corresponding C=C -bond MO (Eq. (14.247)), 
20 and E (CH), the o MO contribution given by Eq. (14.441). In the corresponding 



generalization of the aromatic CH group, the energy parameters are determined using Eqs. 

(\ —1 13379 eV 
atom - atom i msp\AOJ = — . Thus, the energy 
2 
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3u 

contribution to the single aromatic CH bond is one half that of the C=C double bond 

contribution. This matches the energies of the CH and C=C aromatic groups, conserves the 
electron number with the equivalent charge density as that of s = lin Eqs. (15.18-15.21), and 

3* 

further gives a minimum energy for the molecule. Breakage of the aromatic C=C bonds to 
5 give CH groups creates unpaired electrons in these fragments that corresponds to c 3 = 1 in Eq. 

(15.56) with E mog given by Eq. (15.58). 

Each of the C-H bonds of benzene comprises two electrons according to Eq. (14.439). 
From the energy of each C-H bond, ( i2 CH) (Eq. (14.477)), the total energy of the 

twelve electrons of the six C-H bonds of benzene, E T (C 6 H 6 ,C- H) 7 given by Eq. (14.494) 
10 is 

E r (C 6 H 6 ,C- H) = (t)(-E Dktm ( nc #)) = 6 H- 90454 ^) = -23.42724 eV (15.148) 
The total bond dissociation energy of benzene, E D (C 6 # 6 ), given by Eq. (14.495) is the negative 

3, >k 



sum of E r 



C.H^C-C 



6 6 



(Eq. (14.493)) and E T (C 6 H 6i C- H) (Eq. (14.494)): 



3ti 



\ 



E D {C 6 H 6 ) = - E. f \C 6 H 6 ,C=C +E t (C 6 H 6 ,C-H) 

■ ■ ■ \ \ ■ J . 

= -((-33.83284 eV)+ (-23.42724 eV)) (15.149) 
= 57.2601 eV 

> 

• 1 • 

15 Using the parameters given in Tables 15.214 and 15.216 in the general equations (Eqs. (15.42), 
(15.1-15.5), and (15.146-15.147)) reproduces the results for benzene given in the Benzene 
Molecule (C 6 # 6 ) section as shown in Tables 15.214 and 15.216. 

The symbols of the functional groups of aromatics and hertocyclics are given in Table 
15.213. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 

20 energy (Eqs. (15.6-15.11), (15.17-15.56), and (15.146-15.147)) parameters of aromatics and 
hertocyclics are given in Tables 15.214, 15.215, and 15.216, respectively. The total energy of 
benzene given in Table 15.217 was calculated as the sum over the integer multiple of each 
E D [orvup) of Table 15.216 corresponding to functional-group composition of the molecule. The 
bond angle parameters of benzene determined using Eqs. (15.79-15.108) are given in Table 

25 15.218. 
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3b 

c=c 

Group 


CH 
Group 


A 


0.75 


1 


«. 


2 


1 


"i 


0 


0 


*» 


0 


0 


c, 


0.5 


0.75 


c 2 


0.85252 


1 


c . 


1 


1 




0.85252 


0.91771 


C J 


0 


1 


C 4 


3 


1 


C 5 


0 


1 




0.5 


0.75 




0.85252 


1 


F e (eF) 


-101.12679 


-37.10024 


V, (eV) 


20.69825 


13.17125 


T (eV) 


34.31559 


11.58941 


V„ (eV) 


-17.15779 


-0./94/U 


EIaoiho) (eV) 


0 


-14.63489 


AE b ^ U>/ ho) (eV) 


0 


-1.13379 






-13 50110 


E T (w z Mo) (eK) 


-63.27075 


-31.63539 


E T ( afo/« ~ g/ow, msp* .AO) (eV) 


-2.26759 


-0.56690 




-65.53833 


-32.20226 


0) (l0 ,s rad/s\ 


49.7272 


26.4826 


E r (eV) 


32.73133 


17.43132 


En (eV) 

D v * 


-0.35806 


-0.26130 




0.19649 
[49] 


0.35532 
Eq. (13.458) 




-0.25982 


-0.08364 




0.14803 


0.14803 


E r (amp) (eV) 


-49.54347 


-32.28590 




-14.63489 


-14.63489 




0 


-13.59844 


E D {croup) {eV) 


5.63881 


3.90454 
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NAPHTHALENE 

Naphthalene has the formula C l0 if 8 and comprises a planar molecule with two aromatic 

rings that share a common C - C group. In order to be aromatic, the total number of bonding 
electrons must be a multiple of 3 since the number of electrons of the aromatic bond is 

5 (0.75)(4) = 3 as shown in the Benzene section. In the case of naphthalene, the peripheral 10 

carbons form the aromatic MO with the center bridged by a C-C single bond. Then, 30 
electrons of the 48 available form aromatic bonds, two electrons form the bridging C-C single 
bond, and 16 electrons form the eight C-H single bonds. The energies of the aromatic 
carbons are given by the same equations as those of benzene (Eqs. (15.42), (15.1-15.5), and 

10 (15*146-15.147)), except that there are 10 in naphthalene versus six in benzene. Since there are 
three electrons per aromatic bond, c A is three times ten, the number of aromatic bonds. 
Similarly, the aromatic C-H group of naphthalene is equivalent to that of benzene. 

To meet the equipotential condition of the union of the ten C2.jp 3 HOs bridged by the 
C-C single bond, the parameters c,, C 2 ,and C 2o of Eq. (15.42) are one for the C-C group, 

15 C )o and C, are 0.5, and c 2 given by Eq. (15.142) is c 2 (C2sp*HO) = 0.85252. Otherwise, the 
solutions of the C-C bond parameters are equivalent to those of the replaced C-H groups 
with E^AO I HO} = -14.63489 eV and AE H ^{aOI HO)= -1.13379 eV in Eq. (15.41). 

Similarly, the energy parameters are determined using Eqs. (15.52-15.56) with 

r, i i -1.13379 eV 
E T \atom - atom, msp AO J = . 

20 The symbols of the functional groups of naphthalene are given in Table 35.219. The 

corresponding designation of the structure is shown in Figure 62. The geometrical (Eqs. (15.1- 
15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. (15:6-15.1 1), (15.17-15.56), 
and (15.146-15.147)) parameters of naphthalene are given in Tables 1 5.220,15.221, and 15.222, 
respectively. The total energy of naphthalene given in Table 15.223 was calculated as the sum 

25 over the integer multiple of each E d [ghw) of Table 15.222 corresponding to functional-group 

composition of the molecule. The bond angle parameters of naphthalene determined using Eqs. 
(15.79-15.108) are given in Table 15.224. 
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Table 15.222, The energy parameters (eV) of functional groups of naphthalene. 



Parameters 


c=c 

Group 


CH 

VJIVJUjJ 


C-C 


r 
J\ 


0 7S 


1 

1 


1 
1 


tn 

n \ 


7 


1 

1 


1 
1 


*2 


A 


A 
U 


yj 




u 


A 
U 


u 


r* 
C i 


U.J 


V. / J 


U.J 


r* 
C 2 


U.ojZjZ 


J 


1 


C l 


1 
1 


1 
I 


i 
1 




0 85252 


0 91771 


0 85252 




0 


1 
1 


0 


C 4 


3 


1 


2 


c 5 


0 


1 


0 




a < 
U.j 


A n< 

U./j 


A < 
U.J 






1).ojZj2 


1 


1 




1A1 

-101. 12679 


-37.101)24 


-34.43 /yj 


V (eV) 


20 69825 


13 17125 


1 0 26723 


T (eV) 


34 31559 


1 1 58941 


9 80539 




-17.15779 


-5.79470 


-4.90270 


E(aoiho) (eV) 


0 


-14.63489 


-14.63489 




0 


-1.13379 


-1.13379 


E t (m>iho) (eV) 


0 


-13.50110 


-13.50110 


E T {H t m) {eV) 


-63.27075 


-31.63539 


-31.63529 


EAatom- atom,msp .AO) (eV) 


, -2.26759 


-0.56690 


-0.56690 


Er(m){eV) 


-65.53833 


-32.20226 


-32.20226 


CO (l O 15 rad 1 s) 


49.7272 


26.4826 


23.6343 


E K {eV) 


32.73133 


17.43132 


15.55648 


E D (eV) 


-0.35806 


-0.26130 


-0.25127 


*«• (<n 


0.19649 


0.35532 
Eq. (13.458) 


0.12312 
PI 


K (eV) 


-0.25982 


-0.08364 


-0.18971 


E (eV) 

mag v 7 


0.14803 


0.14803 


0.14803 


E T {Gr» ap ) (eV) 


-49.54347 


-32.28590 


-32.39198 




-14.63489 


-14.63489 


-14.63489 


E inMnf[ e > M)IHO ) ( eV ^ 


0 


-13.59844 


0 


E^croup) (eV) 


5.6388] 


3.90454 


3.12220 
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TOLUENE 

Toluene has the formula C 7 i? 8 and comprises the benzene molecule with one hydrogen 
atom replaced by a methyl group corresponding to a CH 3 functional group and aC»C 

functional group. The aromatic C = C and C - H functional groups are equivalent to those of 
5 benzene given in Aromatic and Heterocyclic Compounds section. The CH 3 functional group is 

the same as that of continuous and branched-chain alkanes given in the corresponding sections. 

The bond between the methyl and aromatic ring comprises a C - C functional group that 
is are solved using the same principles as those used to solve the alkane functional groups 

wherein the 2s and 2 p AOs of each C hybridize to form a single 2sp* shell as an energy 

10 minimum, and the sharing of electrons between two C2sp* HOs to form a MO permits each 
participating hybridized orbital to decrease in radius and energy. To match energies within the 
MO that bridges methyl and aromatic carbons, E^AO / HO) and AE h mo (aO/HO) in' Eq. 

—1 13379 eV 

(15.41) are -15.35946 eV(pq. (14.155)) and ' .respectively. 

To meet the equipotential condition of the union of the aromatic and methyl C2sp 3 HOs 
15 of the C-C single bond, the parameters c v C 2 , and C 2o of Eq. (15.42) are one for the C~C 
group, C io and C, are 0.5, and c 2 given by Eq. (13.430) is c 2 (C2sp 3 HO) = 0.91771. To match 
the energies of the functional groups, E T {atom-atom,msp i .AO S j of the C- C-bond MO in Eq. 
(15.52) due to the charge donation from the C atoms to the MO is -1.13379 eV which is the 
same energy per C2sp 3 HO as that of the replaced C-H group. 
20 The symbols of the functional groups of toluene are given in Table 15.225. The 

corresponding designation of the structure is shown in Figure 63. The geometrical (Eqs. (15.1- 
15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. (15.6-15.11), (15.17-15.56), 
and (15.146-15.147)) parameters of toluene are given in Tables 15.226, 15.227, and 15.228, 
respectively. The total energy of toluene given in Table 15.229 was calculated as the sum over 
25 the integer multiple of each E D [<km P ) of Table 15.228 corresponding to functional -group 

composition of the molecule. The bond angle parameters of toluene determined using Eqs. 
(15.79-15.108) are given in Table 15.230. 
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Table 15,228. The energy parameters (eV) of functional groups of toluene. 



Parameters 


3« 

C — c 
Group 


CH (i) 
Group 


C-C 

**** v> 

Group 


CH, 
Group 




0.75 


1 








2 


1 


1 


3 




0 


0 


0 


2 


«. 


0 


0 


0 


0 




0.5 


0.75 


0.5 


0.75 


c, 


0.85252 


1 


1 


1 


c « 


1 


1 


1 


1 




0.85252 


0.91771 


0.91771 


0.91771 


C 3 


0 


1 


0 


0 




3 


1 


2 


1 




0 


1 


0 


3 


Id 


0.5 


0.75 


0.5 


0.75 




0.85252 


1 


1 


1 


V, ieV) 


-101.12679 


-37.10024 


-29.95792 


-107.32728 




20.69825 


13.17125 


9.47952 


38.92728 


T (eV) 


34.31559 


11.58941 


7.27120 

> 


32.53914 




-17.15779 


-5.79470 


-3.63560 


-1626957 


'. i^rj/z/r?) (eV) 


0 


• -14.63489 


-15.35946 


-15.56407 


AT? / \ / J _T/\ 

6E BiM [Mfm) (eV) 


0 


-1.13379 


-0.56690 


0 


E t {aoiho) (eV) 


0 : 


-13.50110 


-14;79257 


-15.56407 


E T [»M (eV) 


-63.27075 


-31.63539 


-31.63537 


-67.69451 


E r [atom- atom,msp 2 \AO^ (eV) 


-2.26759 


-0.56690 


-1.13379 


0 


E r H (eV) 


-65.53833 


-32.20226 


-32.76916 


-67.69450 


© (lO 15 rod Is) 


49.7272 


26.4826 


162731 


24.9286 


E K (eV) 


32.73133 


17.43132 


10.71127 


16.40846 


K (eV) 


-0.35806 


-0.26130 


-0.21217 


-0.25352 




0.19649 
[49] 


0.35532 
Eq. (13.458) 


0.14940 
[53] 


0.35532 

icq. 
(13.458)) 




-025982 


-0.08364 


-0.13747 


-0.22757 




0.14803 


0.14803 


0.14803 


0.14803 


jB r (ciwj») (eK) 


-49.54347 


-32.28590 


-32.90663 


-67.92207 




-14.63489 


-14.63489 


-14.63489 


-14.63489 




0 


-13.59844 


0 


-13.59844 




5.63881 


3.90454 


3.63685 


12.49186 



WO 2007/051078 



PCT/US2006/042692 




WO 2007/051078 PCT/US2006/042692 

758 

CHLOROBENZENES 

Chlorobenzenes have the formula C 6 H^ m Cl m and comprise the benzene molecule 
with at least one hydrogen atom replaced by a chlorine atom corresponding to a C - CI 

functional group. The aromatic C=C and C-H functional groups are equivalent to those 
5 of benzene given in Aromatic and Heterocyclic Compounds section. 

The small differences between energies of ortho, meta, and para-dichlorobenzene is 
due to differences in the energies of vibration in the transition state that contribute to E . 

* CSC 

Two types of C - CI functional groups can be identified based on symmetry that determine 
the parameter R in Eq. (15.48). One corresponds to the special case of 1,3,5 substitution and 
10 the other corresponds to other cases of single or multiple substitutions of CI for H. P- 
dichlorobenzene is representative of the bonding with R = a . 1,2,3-trichlorbenzene is the 

particular case wherein is R = b. Also, beyond the binding of three chlorides E mag is 

subtracted for each additional CI due to the formation of an unpaired electrons on each 
C - CI bond. 

15 The bond between the chlorine and aromatic ring comprises two C- CI functional 

groups that are solved using the same principles as those used to solve the alkyl chloride 
functional groups as given in the corresponding section wherein the 2s and 2 p AOs of each 

C hybridize to form a single 2sp 3 shell as an energy minimum, and the sharing of electrons 

between the C2sp 3 HO and CI AO to form a MO permits each participating hybridized 

20 orbital to decrease in radius and energy.- As in the case of alkyl chlorides, c 3 of Eq. (15.52) 
for each C - C/-bdnd MO is one, and the energy matching condition is determined by the C 2 
parameter given by Eq. (15.111) which is C^Clsp^HO to C/) = 0.81317 . To match 
energies within the MO that bridges the chlorine AO and aromatic carbon C2sp* HO, 
E(AO/HO) and lsE HiMO (AOI HO) in Eq. (15.42) are -14.63489 eV and -2.99216 eV , 

25 respectively. The latter matches twice that of the replaced C-//-bond MO plus 
E T [atom-atom 9 msp*.AO^. To match the energies of the functional groups, 

E T {atom-atom 9 msp*.AO} of the C-Cl -bond MO in Eq. (15.53) due to the charge 
donation from the C and CI atoms to the MO is -0.72457 eV (Eq. (14.151)). 
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The symbols of the functional groups of chlorobenzenes are given in Table 15.231. 
The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (1571-15.78)), and energy 
(Eqs. (15.6-15.11), (15.17-15.56), and (15.146-15.147)) parameters of chlorobenzenes are 
given in Tables 15.232, 15.233, and 15.234, respectively. The total energy of each 
5 chlorobenzene given in Table 1 5.235 was calculated as the sum over the integer multiple of 
each E D (cnu P ) of Table 15.234 corresponding to functional-group composition of the 

molecule. For each set of unpaired electrons created by bond breakage , the C2sp* HO 

magnetic energy E mau that is subtracted from the weighted sum of the E D (crou P ) (eV) values 

based on composition is given by Eq. (15.58). The bond angle parameters of chlorobenzenes 
10 determined using Eqs. (15.79-15.108) are given in Table 15.236. 

Table. 15.231. The symbols of junctional groups of chlorobenzenes. 



Functional Group 



Group Symbol 



CC (aromatic bond) 
CH (aromatic) 

CI -C (CI to aromatic bond) 
Cl-C (CI to aromatic bond of 1,3,5- 
trichlorbenzene) 



C-Cl (b) 



C-Cl (a) 
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PHENOL 

Phenol has the formula C 6 H 6 0 and comprises the benzene molecule with one 
hydrogen atom replaced by a hydroxyl corresponding to an OH functional group and a 

3e 

C-0 functional group. The aromatic C=C and C-H functional groups are equivalent to 
5 those of benzene given in Aromatic and Heterocyclic Compounds section. The OH 
functional group is the same as that of alcohols given in the corresponding section. 

The bond between the hydroxyl and aromatic ring comprises aC-0 functional 
group that is are solved using the same principles as those used to solve the alcohol 
functional groups wherein the 2s and 2 p AOs of each C hybridize to form a single 2sp* 

10 shell as an energy minimum, and the sharing of electrons between the C2sp* HO and O AO 
to fdrm a MO permits each participating hybridized orbital to decrease in radius and energy. 
In aryl alcohols, the aromatic C2sp* HO has a hybridization factor of 0.85252 (Eq: : 

(15.143)) with an initial energy of E(c,2sp*) = -14.63489 eV (Eq. (15.25)) and the O AO 
has an energy of E[o) = -13.61806 eV . To meet the equipotential condition of the union of 
15 the C-0 # 2 -type-ellipsoidal-MO with these orbitals, the hybridization factor c 2 of Eq. 

* 

(15.52) for the C- 0-bond MO given by Eqs. (15.68) and (15.70) is 

E(0) 



c 2 (arylC2sp 3 HO to O) = , ' 3 . c 2 (arylC2sp 3 HO) 

E[C,2sp J 



= -13.61806 eV 5252) 

-14.63489 eV v 1 
= 0.79329 

E r {atom- atom.msp 1 \AO} of the C- O-bond MO in Eq. (1,5.52) due to the charge 

donation from the C and O atoms to the MO is -1.49608 eV . It is based on the energy 
20 match between the OH group and the C2sp* HO of an aryl group and is given by the linear 

combination of -0.92918 eV (Eq. (14.513)) and -1.13379 eV (Eq. (14.247)), respectively. 
The symbols of the functional groups of phenol are given in Table 15.237. The 

geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. 

(15.6-15.11), (15.17-15.56), and (15.146-15.147)) parameters of phenol are given in Tables 
25 15.238, 15.239, and 15.240, respectively. The total energy of phenol given in Table 15.241 

was calculated as the sum over the integer multiple of each E D (cruu P ) of Table 15.240 
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corresponding to functional-group composition of the molecule. The bond angle parameters 
of phenol determined using Eqs. (15.79-15.108) are given in Table 15.242. 



Table 15.237. The symbols of functional groups of phenol. 

Functional Group 1 Group Symbol 

CC (aromatic bond) 

CH (aromatic) 
Aryl C-0 

OH group 



3e 

c=c 

CH(i) 
C-0 (a) 
OH 



Table 15.238. The geometrical bond parameters of phenol and experimental values [1]. 



Parameter 



k) ' 



3e 

c=c 

Group 



1.47348 



CH (i) 
Group 



1.60061 



C-O (a) 
Group 



1.68220 



OH 
Group 



1.26430 



Bond Length 

2V {A) 



1.31468 



1.03299 



1.39140 



1.09327 



1.29700 



1.37268 



0.91808 



0.971651 



Exp. Bond 
Length 

w 



1.397 avg. 
(phenol) 



1.084 
(phenol) 



0.66540 



I 0.89223 



1.22265 
0.64537 



1.364 
(phenol) 



1.07126 
0.77101 



0.956 
(phenol) 



0.86925 
0.72615 
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Table 15.240. The energy parameters (eV) of functional groups of phenol. 



Parameters 


3* 

c=c 

Group 


CH(i) 
Group 


C-0(a) 
Group 


OH 
Group 




0.75 


1 








2 


1 


1 


1 




0 


0 


0 


0 


»> 


0 




0 


0 


0 


c, 


0.5 


0.75 


0.5 


0.75 


c, 


0.85252 


1 


1 


1 


«) 


1 


1 


1 


0.75 


e t 


0.85252 


0.91771 


0.79329 


1 


e > 


0 


1 


0 


1 


e i 


.3 


1 


2 


1 


c i 


0 


1 


0 


1 


c„ 


0.5 


0.75 


0.5 


0.75 




0.85252 


1 . 


1 


1 




-101.12679 


-37,10024 


-34.04658 


-40.92709 


y p (eV) 


20.69825 


13.17125 


10.49024 


14.81988 


T[eV) 


3431559 


11.58941 


10.11966 


16.18567 




-17.15779 


-5.79470 


-5.05983 


-8.09284 


E[aoimo) (eK) 


0 


-14.63489 


-14.63489 


-13.6181 


\F Ijnitrn) (eV\ 
aC, M i IHO\ M " m l " r 1 


A 

u 


-i.i jj /y 


_i joxne 


0 

V 


E r \AotHO) {eV) 


0 


1 1 Cft MA 

-13.50110 


111 


11 £101 

-U.olo 1 


ft \ J 1T\ 

E r [» 1 Mo) (eV) 


-63.27075 


-31.63539 


-31.63532 


-J 1 .63247 


EL [atom - atom, msp 3 JtO) (eV) 


-226759 


-0.56690 


-1 .49608 


0 




-65 53833 


-32.20226 


-33.13145 


-31.63537 


CO flO 15 rod is) 


49.7272 


26.4826 


13.3984 


44.1776 


F le>V\ ■ 


32 73 1 33 


17 43132 


8 81907 

U.U J J \J B 


29 07844 


c n \ ey ) 


-ft 

U.JJOVU 


-0 26130 


-0 1 9465 ■ 


-0 33749 


E (t>V\ 


0.19649 
[49] 


0.35532 
Eq. (13.458) 


0.12808 

ri9i 


0.46311 
[17-18] 




-0.25982 


-0.08364 


-0.13061 


■ 

-0.10594 


E (eV) 

max » ' 


0.14803 


0.14803 


0.14803 


0.11441 




-49.54347 


-32.28590 


-33.26206 


-31.74130 




-14.63489 


-14.63489 


-14.63489 


-13.6181 




0 


-13.59844 


0 


-13.59844 


E D \aniup) (eV) 


5.63881 


3.90454 


3.99228 


4.41035 
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ANDLNE 

Aniline and methyl aniline have the formula C 6 H 7 N and G, J^JV, respectively. They 

comprise the benzene and toluene molecules with one hydrogen atom replaced by an amino 
group corresponding to an NH 2 functional group and a C - N functional group. The 

3tf 

5 aromatic C=C and C-H functional groups are equivalent to those of benzene given in 
Aromatic and Heterocyclic Compounds section. The C~C and Ci/ 3 functional groups of 
methyl anilines are equivalent to those of toluene given in the corresponding section. 

■ 

The ary 1 amino ( NH 2 ) functional group was solved using the procedure given in the 
Dihydrogen Nitride (NH 2 ) section. Using the results of Eqs. (13.245-13.368), the aryl amino 
10 parameters in Eq. (15.51) are h, = 2, ^ = 0.75, C 2 = 0.93613 (Eqs. (13.248-13.249)), 

* 

C Xo = 1.5, and c, = 0.75 . In the determination of the hybridization factor c 2 of Eq. (15.52) 

for the N- H -bond MO of aiyl amines, the C2sp 3 HO of the C - NH 2 -bond MO has an 

energy of E(c,2sp 3 ) = -15.76868 eV (Eq. (15.18) corresponding to ^ = 2 in Eqs. (15.18- 

15.20), and the N AO has an energy of E(n) = -14.53414 eV . To meet the equipotential 

1 5 condition of the union of the N - H H 2 -type-ellipsoidal-MO with the C2sp* HO, the 

hybridization factor c 2 given by Eq. (1 5.68) is 

/rr , T \ ^( N ) -14.53414 eV 

c 2 (H foanlmeiV)= y ,x =0.92171 (15.1: 

2V ; £(c\2jp 3 ) -15.76868 eV 

The bond between the amino and aromatic ring comprises a C-N functional group 
that is the. same as that of 2° amines (methylene) except that the energies corresponding 
20 to oscillation in the transition state are those of aniline. The group is solved using the 
same principles as those used to solve the primary and secondary-amine functional groups 

wherein the 2s and 2p AOs of each C hybridize to form a single 2sp 3 shell as an energy 

minimum, and the sharing of electrons between the C2sp z HO and N AO to form a MO 

permits each participating hybridized orbital to decrease in radius and energy. The 
25 hybridization is determined in a similar manner to that of the C- O group of phenol. In 

anilines, the aromatic C2sp 3 HO has a hybridization factor of 0.85252 (Eq. (15.143)) with 
an initial energy of £(c,2#? 3 ) = -14.63489 eV (Eq. (15.25)) and the N AO has an energy 
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of E(n} = -14.53414 eV . To meet the equipotential condition of the union of the C - O 

H 2 -type-ellipsoidal-MO with these orbitals, the hybridization factor c 2 of Eq. (15.51) for the 
C- O-bond MO given by Eqs. (15.68) and (15.70) .is 



c 2 



(arylC2sp 3 HO toN)= f^K^ (arylC2sp*HO) 

E\C t 2sp J 



= -14.53414 eV {0 i5252) (1J m 

-14.63489 eV v ' 
= 0.84665 . 

5 E 7 [atom- atom 9 msp 3 AO) of the C-N-bond MO in Eq. (15.52) due to the charge 

donation from the C and N atoms to the MO is -1.13379 eV (Eq. (14.247)). It is based on 
the energy 

match between the NH 2 group arid the C2sp* HO of the aryl group and is twice that of the 

aryl C - H group that it replaces. 

10 The symbols of the functional groups of aniline and methyl-substituted anilines are 

given in Table 15.243. The geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. 
(15.71-15.78)), and energy (Eqs. (15.6-15.11), (15.17-15.56), and (15.146-15.147)) 
parameters of aniline and methyl-substituted anilines are given in Tables 15.244, 15.245, and 
15.246, respectively. The total energy of each aniline and methyl-substituted aniline given in 

15 Table 15.247 was calculated as the sum over the integer multiple of each E u (ow) of Table 

15.246 corresponding to functional-group composition of the molecule. The bond angle 
parameters of aniline and methyl-substituted anilines determined using Eqs. (15.79-15.108) 
are given in Table 1 5.248. 

20 Table 15.243. The symbols of functional groups of aniline and methyl-substituted anilines . 



Functional Group | Group Symbol 



3tr 

CC (aromatic bond) C=C 

CH (aromatic) CH (i) 

ArylC-N C-iV(a) 

NH 2 group NH 2 

C a -C h { CH 3 to aromatic bond) C - C (a) 

CH 3 group C-H(CH^) 



WO 2007/051078 PCT/US2006/042692 

770 




WO 2007/051078 PCT/US2006/042692 

771 



Table 15.246. The energy parameters (eV) of functional groups of aniline and methyl-substituted anilines. 



Parameters 


•** 

C=C 
Group 


uruup 


C-tf (a) 

firmin 

uioup 


NH 2 
Group 


C-C(a) 

vjruup 


07, 
Group 


f 
J\ 


n 7*; 


1 
1 










to 

n i 


*y 
l> 


1 
J 


I 


7 
z 


i 
1 






A 

u 


A 

U 


A 

u 


n 

V 


A 

u 


o 
Z 


n 2 


A 

u 


U 


A 

u 


J 


A 
U 


A 
U 




U.J 


ft 7< 


O.j 


A 7* 
U./J 


ft * 


0.75 




ft 5^757 


1 


1 
1 


u.vjo j j 


i 
i 


1 


c \ 


1 
j 


1 
j 


1 

1 




1 


i 
i 


C 2 


0.85252 


0.9 1 771 


A O J//T 

0.84665 


A AO 111 

0.92] 71 


A A 1 Tl i 

0.91771 


a a*i ?m t 

0.91771 


C 3 


0 


1 


0 


0 


0 


0 


C 4 


3 


1 


2 


1 


2 


1 


C 5 


0 


1 


A 

0 


A 

2 


0 


3 




0,5 


0.75 


A f 

0.5 


1.5 


a e 

0.5 


A 1* 

0.75 


t 


0.85252 


1 
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ARYL NTTRO COMPOUNDS 

Aryl nitro compounds have a hydrogen of an aryl group replaced by a nitro 
corresponding to an N0 2 functional group and aC-W functional group. Examples include 

nitrobenzene, nitrophenol, and nitroanilne with formulas C 6 H 5 N0 2 , C 6 H 5 N0 29 and 

3* 

5 C 6 H 6 N 2 0 2 , respectively. The aromatic C=C and C-H functional groups are equivalent 

to those of benzene given in Aromatic and Heterocyclic Compounds section. The OH and 
C-0 functional groups of nitrophenols are the same as those of phenol given in the 
corresponding section. The NH 2 and C-N functional groups of nitroanilines are the same 

as those of aniline given in the corresponding section. The differences between the total bond 
10 energies of the nitroanilines given in Table 15.252 are due to differences in the term. 

For simplicity and since the differences are small, the E arc terms for nitroanilines were taken 
as the same. 

The N0 2 group is the same as that given in the Nitroalkanes section. The bond 

between the nitro and aromatic ring comprises aC-JV functional group that is the same as 
15 that of nitroalkanes given in the corresponding section except that 

E T {atom- atom,msp 3 .AO) is -0.72457 eV , one half of that of the C-#-bond MO of 

nitroalkanes and equivalent to that of methyl (Eq. (14.151)) in order to maintain the 
independence and aromaticity of the benzene functional group. In addition, the energy terms 
due to oscillation in the transition state correspond to those of an aryl nitro compound. 
20 The symbols of the functional groups of aryl nitro compounds are given in Table 

15.249. The geometrical (Eqs. (15.3-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and 
energy (Eqs. (15.6-15.11), (15.17-15.56), and (15.146-15.147)) parameters of aryl nitro 
compounds are given in Tables 15.250, 15.251, and 15.252, respectively. The total energy of 
each aryl nitro compound given in Table 15.253 was calculated as the sum over the integer 

■ 

25 multiple of each E D {cmw) of Table 15.252 corresponding to functional-group composition of 
the molecule. For each set of unpaired electrons created by bond breakage , the C2sp* HO 
magnetic energy E that is subtracted from the weighted sum of the EJomv) (eV) values 

based on composition is given by Eq. (15.58). The bond angle parameters of aryl nitro 
compounds determined using Eqs. (15.79-15.108) are given in Table 15.254. 
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BENZOIC ACID COMPOUNDS 

Benzoic acid compounds have a hydrogen of an aryl group replaced by a carboxylic 
acid group corresponding to an C-C(0)-OH moiety that comprises C = 0 and OH 

functional groups that are the same as those of carboxylic acids given in the corresponding 
5 section. The single bond of aryl carbon to the carbonyl carbon atom, C - C(O) , is also a 

functional group. This group is also equivalent to the same group of carboxylic acids except 
that &E [AO I HO) in Eq. (15.42) and E T [atom- atom 9 msp\AO) in Eq. (15.52) are 

... . -1.13379 eV 
both -1.29147 eV which is a linear combination of , 

E r {atom- atom 9 msp 3 .Ao) of the C- H group that the C-C(O) group replaces, and that 
10 of an independent C2sp 2 HO, -0.72457 eV (Eq. (14,151)). 

Examples include benzoic acid, chlorobenzoic acid, and aniline carboxylic acid with 

formulas C 7 i/ 6 0 2 , GgH&Cl , and C 7 # ? M? 2 , respectively. The aromatic C=C and C-H 
functional groups are equivalent to those of benzene given in Aromatic and Heterocyclic 
15 Compounds section. The NH 2 and C-N functional groups of aniline carboxylic acids are 

the same as those of aniline given in the corresponding section. The C-Cl functional group 
of 2-chlorobenzoic acids corresponding to meta substitution is equivalent to that of 
chlorobenzene given in the corresponding section. The C-Cl functional group of 3 or 4- 
chlorobenzoic acids corresponding to ortho and para substitution is also equivalent to that of 

20 chlorobenzene, except that ££ H ^ m {AOI HO) in Eq. (15.42) and 

E T [atom-atom 9 msp 3 .AO) in Eq. (15.52) are both -0.92918 eV (Eq. (14.513)) since each 
of these positions can form a resonance structure with the carboxylic acid group which is 
permissive of greater charge donation from the C2sp 3 HO. 

The symbols of the functional groups of benzoic acid compounds are given in Table 
25 15.255. The corresponding designations of benzoic acid is shown in Figure 64. The 
geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. 
(15.6-15.11), (15.17-15.56), and (15.146-15.147)) parameters of benzoic acid compounds are 
given in Tables 15.256, 15.257, and 15.258, respectively. The total energy of each benzoic 
acid compound given in Table 15.259 was calculated as the sum over the integer multiple of 
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each EAcroup) of Table 15.258 corresponding to functional-group composition of the 

molecule. The bond angle parameters of benzoic acid compounds determined using Eqs. 
(15.79-15.108) are given in Table 15.260. 



5 Table 15.255. The symbols of functional groups of benzoic acid compounds. 



Functional Group 


Group Symbol 


CC (aromatic bond) 


c=c 


CH (aromatic) 


CH (i) 


C-C(0) 


C-C(O) 


C=0 (aryl carboxylic acid) 


c=o 


(0)C-0 


c-o 


OH group 


OH 


CI -C (CI to aromatic bond of 2-chlorobenzoic 


C-Cl (i) 


acid) 


CI -C (CI to aromatic bond of 3 or 4- 


C-Cl (ii) 


chlorobenzoic acid) 


Aryl G-N (aniline) 


C-N 


NH 2 group 


NH 2 
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ANISOLE 

Anisole has the formula C 7 # 8 0 and comprises the phenol molecule with the 
hydroxyl hydrogen atom replaced by the moiety -0-CH 3 to form an ether comprising 
aromatic and methyl functional groups as well as two types of C-O functional groups, one 

5 for aryl carbon to oxygen and one for methyl carbon to oxygen. The aromatic C=C and 
C-H functional groups are equivalent to those of benzene given in Aromatic and 
Heterocyclic Compounds section. The CH 3 and methyl C-O functional groups are the 

same as those of the corresponding ether groups given in the corresponding section. 

The C-O functional group comprising the bond between the ether oxygen and 
10 aromatic ring is equivalent to that of the methyl ether C-O functional group except that 

^h.mo^ 0 1 H0 ) in (15.42) and E T (atom-atom 9 msp\Ao) in Eq. (15.52) are both 
-1.13379 eV (Eq. (14.247)). E T \atom- atom.msp 1 AO} is based on the energy match 

between the OC# 3 group and the C2sp* HO of the aryl group and is twice that of the aryl 
C-H group that it replaces. 
15 The symbols of the functional groups of anisole are given in Table 15.261. The 

geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. 
(15.6-15.11), (15.17-15.56), and (15.146-15.147)) parameters of anisole are given in Tables 

» 

15.262, 15.263, and 15.264, respectively. The total energy of anisole given in Table 15.265 
was calculated as the sum over the integer multiple of each E D (crow) of Table 15.264 

20 corresponding to functional-group composition of the molecule. The bond angle parameters 
of anisole determined using Eqs. (15.79-15.108) are given in Table 15.266. 



Table 15.261. The symbols of functional groups of anisole. 



Functional Group 


Group Symbol | 


CC (aromatic bond) 


C=C 


CH (aromatic) 


CH (i) 


Aryl C-O 


C-O (a) 


Methyl C-O 


C-O (b) 


CH 3 group 


C-H(CH 2 ) 
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PYRROLE 

♦ 

Pyrrole having the formula C 4 H 5 N comprises the conjugated alkene 1,3-butdiene 

that forms a cyclic structure by terminal-atom bonding to a NH functional group. The two 
symmetrical carbon-to-nitrogen bonds comprise the C-N-C functional group. The 1,3- 
5 butdiene moiety comprises C-C, C = C, and CH functional groups. The C-C and 
C = C groups are equivalent to the corresponding groups of 1,3-butdiene given in the Cyclic 
and Conjugated Alkenes section except that the energies terms of the corresponding to 
oscillation in the transition state match pyrrole. Furthermore, the conjugated double bonds 
have the same bonding as in 1,3-butdiene except that the hybridization terms c 2 of the C-C 

10 and C = C groups and C 2 and C 2o of the C = C group in Eqs. (15;42) and (15.52) become 

that of benzene given by Eq. (15.143), 

( C 2 (benzeneC2sp*HO) = c 2 (benzeneC2sp 3 HO) = 0.85252 ), in the cyclic pyrrole MO which 

has aromatic character. The bonding in pyrrole, furan, and thiophene are the same except for 
the energy match to the corresponding heteroatoms. The hybridization permits double-bond 

!5 character in the carbon-heteroatom bonding. 

The NH group is solved equivalently to that of a secondary amine as given in the 
corresponding section except that the hybridization term c 2 is that of the amino group of 
aniline in order provide double-bond character to match the group to the other orbitals of the 
molecule. Similarly, the CH functional group is equivalent to that of 1,3-butdiene, except 

20 that AE HiMO (AO/ HO) = -2.26758 eV (Eq. (14.247)) in Eq. (15.42) in order to provide 

matching double-bond character. 

The solution of the C-N-C functional group comprises the hybridization of the 
2s and 2p AOs of each C to form a single 2sp 3 shell as an energy minimum, and the 
sharing of electrons between two C2sp 3 HOs and the nitrogen atom to form a MO permits 

25 each participating hybridized orbital to decrease in radius and energy. Thus, the C - N - C - 
bond MO comprising a linear combination of two single bonds is solved in the same manner 
as a double bond with w,=2 in Eqs. (15.42) and (15.52). The hybridization factor 

c 2 (arylC2sp 3 HO to Af) = 0.84665 (Eq. (15.152)) matches the double-bond character of the 

C2sp 3 HOs to the N atom of the NH group, and C 2 and C u in Eqs. (15.42) and (15.52) 
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become that of benzene given by Eq. (15.143), C 2 (benzeneC2sp*HO) = 0.85252. 
Furthermore, AE HMO (AO/ HO) in Eq. (15.42) and E T (atom- atom,msp 3 .AO) in Eq. 

(15.52) are both -0.92918 eV (Eq. (14.513)) per atom corresponding to -3.71673 eV in 
total. This is the maximum energy for a single bond and corresponds to methylene character 
5 as given in the Continuous-Chain Alkanes section. 

The symbols of the functional groups of pyrrole are given in Table 15.267. The 
structure of pyrrole is shown in Figure 65. The geometrical (Eqs. (15.1-15.5) and (15.42)), 
intercept (Eqs. (15.71-15.78)), and energy (Eqs. (15.6-15.1 1) and (15.17-15.56)) parameters 
of pyrrole are given in Tables 15.268, 15.269, and 15.270, respectively. The total energy of 
10 pyrrole given in Table 15.271 was calculated as the sum over the integer multiple of each 
E D (oau P ) of Table 15.270 corresponding to functional-group composition of the molecule. 

The bond angle parameters of pyrrole determined using Eqs. (15.79-15.108) are given in 
Table 15.272. 



15 Table 1 5.267. The symbols of functional groups of pyrrole. 
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Group Symbol 
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Table 1 5JZ70. The energy parameters (eV) of functional groups of pyrrole- 
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FURAN 

Furan having the formula C A H 4 0 comprises the conjugated alkene 1,3-butdiene that 
forms a cyclic structure by terminal-atom bonding to an oxygen atom. The two symmetrical 
carbon-to-oxygen bonds comprise the C-O-C functional group. The 1,3-butdiene moiety 
5 comprises C-C, C = C, and CH functional groups. The CH, C-C, and C = C groups 
are equivalent to the corresponding groups of pyrrole given in the corresponding section. 

The C-O-C functional group of furan is solved in a similar manner as that of the 
C-N-C group of pyrrole. The solution of the C- 0- C functional group comprises the 
hybridization of the 2s and 2p AOs of each C to form a single 2sp* shell as an energy 
10 minimum, and the sharing of electrons between two C2sp* HOs and the oxygen atom to 
form a MO permits each participating hybridized orbital to decrease in radius and energy. 
Thus, the C-0-C-bond MO comprising a linear combination of two single bonds is 
solved in the same manner as a double bond with n, = 2 in Eqs. (15.42) and (15.52). The 

hybridization factor c 2 (arylC2sp 3 HO to o) = 0.79329 (Eq. (15.150)) matches the double- 
15 bond character of the C2sp 3 HOs to the O atom, and C 2 and C 2o in Eqs. (15.42) and (15.52) 
become that of benzene given by Eq. (15.143), C z (benzeneC2sp 3 HO) = 0.85252. 

Furthermore, E T [atom- atom,msp\AO) in Eq. (15.52) is -0.92918 eV (Eq. (14.513)) per 
atom corresponding to -3.71673 eV in total. 

The symbols of the functional groups of furan are given in Table 15.273. The 
20 structure of furan is shown in Figure 66. The geometrical (Eqs. (15.1-15.5) and (15.42)), 
intercept (Eqs. (15.71-15.78)), and energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters 
of furan are given in Tables 15.274, 15.275, and 15.276, respectively. The total energy of 
furan given in Table 15.277 was calculated as the sum over the integer multiple of each 
E D (awup) of Table 15.276 corresponding to functional-group composition of the molecule. . 

25 The bond angle parameters of furan determined using Eqs. (15.79-15.108) are given in Table 
15.278. 
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Table 15.276. The energy parameters (eV) of functional groups of furan 
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c = c 

Group 


c-c 

Group 


c-o-c 

Group 


CH 
Group 




z . 


i 
l 




i 




ft 


A 

u 


n 


o 




A 


n 
U 


n 


o 




0.5 


A C 
U.J 


V.J 


0 75 




0.85252 


1 


A &<0<7 
U.oJ* j£ 


i 

i 


c i 


1 


1 


I 


i 

2 


C 2 




0 85252 


0.79329 


0.91771 


C > 


0 


0 


0 


i 


C 4 


4 


2 


4 


i 


C J 


0 


0 


0 


1 


c,„ 


0.5 


0.5 


A < 

U.j 


U. / J 




0.85252 


1 


0.85252 


1 
1 




-104.37986 


-33.80733 


1 AO JAA7Z 

-102.49036 


1Q ACKTB 

oy.uyjjB 


y p \ ev ) 


Oft RS777 


10 19898 

Ju.l 7070 


21 11822 


13.45505 


I (eV) 


j j»yo fji 


9 4983 1 


3620391 


12.74462 


V (eV) 


-17.98376 


-4.74915 


-18.10196 


-637231 


E(aoiho) (eV) 


0 


-14.63489 


0 


-14.63489 


AE„ ^Aao/ho) (eV) 


-226759 


-1.85836 


0 


-226758 


£ r (v«>/H (eK) 


2.26759 


-12.77653 


0 


-12.36731 




-63.27075 


-31.63572 


-6327019 


-31.63533 


2L (afoTW - atom, ms/? 3 .^40) ( eK) 


-226759 


-226759 


-3.71673 


0 


E T (uo) (eV) 

M 


-65.53833 


-33.90295 


-66.98746 


-31.63537 


co (lO 15 rad/s) 


J 5.4421 


12.3131 


58.0664 


28.9084 


E (eV) 


10.16428 


8.10471 


38.22034 


19.02803 


E D (eV) 


-020668 


-0.19095 


-0.40965 


-027301 




0.17897 
F6] 


0.14829 
1481 


0.12523 
T571 


0.39427 
T561 


W 


-0.11720 


-0.11680 


-0.34704 


-0.07587 




0.14803 


0.14803 


0.14803 


0.14803 




-65.77272 


04.01976 


-67.68154 


-31.71124 




-14.63489 


-14.63489 


-14.63489 


-14.63489 




0 


0 


0 


-13.59844 




723317 


4.74998 


9.14198 


3.32988 



WO 2007/051078 



797 



PCT/US2006/042692 




WO 2007/051078 PCT/US2006/042692 

798 



THIOPHENE 

Thiophene having the formula C^HJS comprises the conjugated alkene 1,3-butdiene that 

forms a cyclic structure by terminal-atom bonding to an oxygen atom. The two symmetrical 
carbon-to-oxygen bonds comprise the C-S-C functional group. The 1,3-butdiene moiety 
5 comprises C-C, C = C, and CH functional groups. The CH, C-C, and C = C groups are 
equivalent to the corresponding groups of pyrrole and furan given in the corresponding sections. 

The C-S-C functional group of thiophene is solved in a similar manner as that of the 
C-N-C group of pyrrole and the C - (7- C group of furan. The solution of the C - S - C 
functional group comprises the hybridization of the 2s and 2p AOs of each C to form a single 

10 2sp* shell as an energy minimum, and the sharing of electrons between two C2sp* HOs and the 

oxygen, ^topi to form a MO permits each participating hybridized orbital to decrease in radius 
and energy. Thus, the C-S-C -bond MO comprising a linear combination of two single 

■ < 

bonds is solved in the same manner as a double bond with n, = 2 in Eqs. (15.42) and (15.52). 

In thiophene, the energy of sulfur is less than the Coulombic energy between the electron 
15 and proton of H given by Eq. (1.243). Thus, c 2 in Eq. (15.52) is 

c 2 (benzeneC2sp 3 HO) = 0.85252 to match the double-bond character of the C2sp 2 HOs, and 

the energy matching condition is further determined by the C 2 parameter. Using the energy of 

S, E(S) = -10.36001 eV in Eq. (15.68) and the C2sp 3 HO energy of 

E(c 9 2sp*) = -15.76868 eV (Eq. (15.18) corresponding to s = 2 in Eqs. (15.18-15.20), the 

20 hybridization factor C 2 of Eq. (15.52) for the C-S-C-bond MOis 

„ / , m 3r n E(S,3p) -10.36001 eV /1C tMX 

2 ( S3 ? t0 a ^^ e C2s P H °) = ifbft = -15.76868 eV = °- 6570 ° ° 5J53) 

C io is also given by Eq. (15.153). Furthermore, &E H MO (AOI HO) of the C-S-C- 

t 

bond MO in Eq. (15.42) and E T {atom- atom,msp z AO) in Eq. (15.52) are both -0.72457 eV 

per atom corresponding to -2.89830 eV in total. The energy contribution equivalent to that of 
25 a methyl group (Eq. (14.151)) and that of the C-S-bond MO of thiols given in the 

corresponding section matches the energy of the sulfur atom to the C2sp J HOs. 

The symbols of the functional groups of thiophene are given in Table 15.279. The 
structure of thiophene is shown in Figure 67. The geometrical (Eqs. (15.1-15.5) and (15.42)), 
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intercept (Eqs. (15.71-15.78)), and energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters of 
thiophene are given in Tables 15.280, 15.281, and 15.282, respectively. The total energy of 
thiophene given in Table 15.283 was calculated as the sum over the integer multiple of each 
E D [omu P ) of Table 15.282 corresponding to functional-group composition of the molecule. The 

5 bond angle parameters of thiophene determined using Eqs. (15.79-15.108) are given in Table 
15.284. 



Table 15.279. The symbols of functional groups of thiophene. 



Functional Group 


Group Symbol 


C a = C b double bond 


C = C 


c„-c 6 


C-C 


c a -s-c o 


c~s-c 


CH '•:!.• 


CH 



» 



WO 2007/051078 



800 



PCT/US2006/042692 



5 
E 
•c 



4) 

c 
a 

y 



eT 
•5 

o 
u 



B 

a 
g 

■3 

i 

E 

i 



o 



I 



1 S 

u6 



* e 
o o 



o 
00 



s 



8 



00 



g 

60 



-J ' — ' 

s - 



pp 5 

J5 



41 

^ g 

- .9 



« 8 

«— * .2 

IE 



u 

o 5 

I s - JS 



■a 

5 



u 



! Q3 ° 



CD • 



5 R S E 



1 d 1 3 



2 1 5 § § 1 « 
-1= 5 5 i 



. 1 § s I ^ 



5 1 s Is 1 5 >\a 



» I - I r% I «© I * 
I n I o\ I 2 I « 




SI 



s R S 2 

K K id 



I 5 

DO I O 

d I o 



I 

d 



d 



3 



? 3 



3 



3 

R 

d 

T 



■ I • I • I ■ 



o J r- I 1 r- I ok 

r». [ S I P I 5 
o I 6 I 0 I 0 



I 



J2 



R E E E 



d 



» » » * 

I d 



S 



0 |3 ^ 



3 3 3 ? 



n 1 m I n 
• 1 • I > I 1 



a: 

1 



S 
to 



o I o I o I © 



.2 f m 



o I o I o 1 o 



|i 



6 ^ fN 



9 



§ § § 5 

n n n n 



» I • I • I t 



— o 



CO I to 



c 
o 

JO 



8 
c I s 

I < 

o 
& 

& 

8 

tz 

6 

X 
o 



• « 



."•I . » 



o 

U 

J5 



CM 



a: 
1 



C 

a; 
1 



D 


! . .* 




! n 






I 




'J* 



3 

d 



o 



d 



8 



d 



d 



0 



. * 



R 

• ■ 
I 



WO 2007/051078 



801 



PCT/US2006/042692 



o 
»> 


CH 
Group 




o 


o 


m 
I- 
o 






o» 
o 








vn 

r- 

o 




eo 

I 

r»N 
t 


13.45505 


12.74462 




ON 

Q 
• 


00 

v» 

5 


p 

• 


<*» 

R 
8 

• 


o 


01.63537 


s 

O 

o> 

CO 


I 
s 

o»" 


o 

• 


N — 

*S NO 

^ — ' 

o 


^>.07587 


a 

oo 

o 




o 
eo 

ti 
vO 

rr 
i 


1 

•n 

■ 


eo 

CO 

o 
rs 

4 


to g 


r* 


o 


o 


o 


o 

no 
o 




IN 

*> 

IN 
oo 

I 

O 


O 




o 


» 

o 


3 

o 


SO 

«•? 


o 

g 

» 


»■ ■ 

r- 

o 
oo 

r»' 


VO 
oo 

o 

°! 

fi 

i 


o 


o 


o 
o 

OO 

H 


3 

i 


o 

s 


S 
o 
VO 

VO* 


s 

o' 


B 

r- 

vO 


oo 

g 

<=?• 


NO 

** r- 

15 

« 

o 


vv 
OO 
O 

o" 


S 
oo 

o 


oo 
VO 

NO 
• 


ON 

(3 

* 


o 


? 
oo 

eo 


Table 15,282. The enemy parameters <cV) of functional uroups of thiopi 


2 




o 


o 


«1 

o 






R 
S3 


o 




o 


»n 
o 




ci 

§ 

ri 
i 


oo 
o* 

OO 

o 
o 


m 
oo 

o\ 


»ri 


Ov 
oo 
** 

NO 
i 


VO 
f*l 
OO 

v-v 
oo 

1 


r>- 
H 


5 

VO 

» 


VO 

n 


vn 
o 

rs 
o 
o» 

in 

7 


n 

<M 


f> 

o 

CO 


o 

o 

OX 

9' 


o» 
o 


O 
eo 

NO 

9 


s 

XT 

» 

o 


3. 
•7 


o» 
eo 

s 

NO 

• 

( 


o 


DO 

>»• 

N* 


J. § 

o o 




o 


o 


o 


n 

3 

00 

• 

O 




M 

8 

M 

O* 


o 




o 


•o 


IN 

R 

00 

d 


vo 

OO 

n 

3 
• 


oo 
S 


%o 
r» 
*o 

<"**! 
«n 


r\ 

00 

i 


O 


on 


5 

«s 


>o 
r>. 
o 

s» 


Ov 

s 

VO 
<N 

C4 
i 


oo 

R 

• 

T 


1 


eo 
r* 

5 


OB 

VD 
VO 

o 
rvi 


r«* 

o* 

oo -r 

• 

o 


o 

p 


m 
o 
eo 


IS 


o» 

CO 

■«»■ 
r 2 

vO 
» 


o 


r- 


u 
E 

e 

a 

a. 








if 


• r 


vT 






* 










w 


5J 


ST 
* — ' 


^. 

1 

b 

-* 


s 

5T 


ST 
T 

i« 


«j 


c 

1 

5 
1 

I 




a 
o 

3 




ST 


II 




c 

«» 


ST 
- — - 

1 


T 

c 

<r 

1 


1 

S 
1 


ST 

u 

1 



WO 2007/051078 PCT/US2006/042692 

802 



WO 2007/051078 



803 



PCT/US2006/042692 



IMIDAZOLE 

Imidazole having the formula C 2 H A N 2 comprises a conjugated system that is 

equivalent to pyrrole with one of the conjugated CH groups replaced by a nitrogen atom. 
The CH , NH , and C = C groups are equivalent to the corresponding groups of pyrrole, 
5 furan, and thiophene where present. In addition, the nitrogen substitution creates a 
C-JV = C moiety comprising C-N and N = C functional groups. The C-N bonding is 

the same as that of a tertiary amine except that the hybridization term c 2 in Eqs. (15.42) and 

(15.52) is that of the amino group of aniline, c 2 (arylC2sp*HO toN) = 0.84665 (Eq. 
(15.152)). The hybridization factor provides double-bond character to match the group to the 
10 other orbitals of the molecule. AE^ MO (AO I HO) in Eq. (15.42) and 

] E T [atom~atom,msp\AO) in Eq. (15.52) are both -0.92918 (Eq. (14.513)). This 
matches the energy of the group to that of the contiguous N = C group wherein 
AE H j^(AO I HO) in Eq. (15.42) and E T (atom- atofn,msp\AO) in Eq. (15.52) are both 

-0.92918 eV (Eq. (14.513)) per atom of the double bond with aromatic character as in the 
15 case of the prior heterocyclic compounds. As in the prior cases of pyrrole, furan, and 

thiophene, n,=2 and C 2 and C 2o are the same as C 2 (benzeneC2sp*HO) = 0.85252 (Eq. 

(15.143)) in Eqs. (15.42) and (15.52). To match the energy of the nitrogen to the C2sp* HO, 

c, of the N = C -bond MO is also given by Eq. (15.152). These parameters also provide an 

energy match to the C-N-C group. 
20 As in the case of pyrrole, the C-N-C -bond MO comprising a linear combination 

of two single bonds is solved in the same manner as a double bond with w, =2 in Eqs. 

« 

(15.42) and (15.52). The hybridization factor c 2 [arylC2sp*HO to N) = 0.84665 (Eq. 

(15.152)) matches the double-bond character of the C2sp 3 HOs to the N atom of the NH 
group, and C 2 and C 2t> in Eqs. (15.42) and (15.52) become that of benzene given by Eq. 
25 (15.143), C 2 (benzeneC2sp 3 HO) = 0.85252. Furthermore, AE H M) (AO I HO) in Eq. (15.42) 

and E T (atom-atom,msp\AO) in Eq. (15.52) are both -0.92918 eV (Eq. (14.513)) per 
atom corresponding to -3.71673 eV in total. 
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The symbols of the functional groups of imidazole are given in Table 15.285. The 
structure of imidazole is shown in Figure 68. The geometrical (Eqs. (15.1-15.5) and (15.42)), 
intercept (Eqs. (15.71-15.78)), and energy (Eqs. (15.6-15.11) and (15.17-15.56)) parameters 
of imidazole are given in Tables 15.286, 15.287, and 15.288, respectively. The total energy 
5 of imidazole given in Table 15.289 was calculated as the sum over the integer multiple of 
each E D [crou P ) of Table 15.288 corresponding to functional-group composition of the 

molecule. The bond angle parameters of imidazole determined using Eqs. (15.79-15.108) are 
given in Table 15.290. 

10 Table 15.285. The symbols of functional groups of imidazole. 



Functional Group 



Group Symbol 



C a -C b double bond 
N b = C c double bond 
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N = C 
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PYRIDINE 

Pyridine has the formula C 5 H 5 N and comprises the benzene molecule with one CH 

group replaced by a nitrogen atom which gives rise to a C=N functional group. The 

aromatic C=C and C-H functional groups are equivalent to those of benzene given in the 
5 Aromatic and Heterocyclic Compounds section with the aromaticity maintained by the 

3e 

electrons from nitrogen in the C=N group which is also aromatic. 

As in the case of the aromatic carbons of benzene, each pyridine C2sp 2 HO initially 
has four impaired electrons. Each C - H bond has two paired electrons with one donated 
from the H AO and the other from the C2sp* HO. In pyridine the three N2p electrons are 

10 donated to the aromatic bond. Thus, as in the case of the C=C group, each C=JV bond 
comprises a linear combination of a factor of 0.75 of four paired electrons (three electrons) 

from the C2sp* HO and the N2p AO of the participating carbon and nitrogen atoms, 

respectively. 

The solution of the C=N functional group comprises the hybridization of the 2s and 
15 2p AOs of each C to form a single 2sp 2 shell as an energy minimum, and the sharing of 

electrons between the C2sp 3 HO and the nitrogen atom to form a MO permits each 

3* 

participating hybridized orbital to decrease in radius and energy. The C=tf -bond MO is 
solved as a double bond with = 2 inEqs. (15.42) and (15.147). The hybridization factor 

c 2 [C2sp*HO to N) = 0.91 140 (Eq. (15.116)) matches the double-bond character of the 

20 C2sp y HO to the N atom, and C 2 and C 2a in Eqs. (15.42) and (15.147) are also given by Eq. 

(15.116) in order to match the nitrogen to the aromatic C2sp* HO such that 

&E HUQ [AOI HO) = Q in Eq, (15.42). Furthermore, E r {atom-atom,msp\AO) of the 

3« 

C-N -bond MO in Eq. (15.147) due to the charge donation from the C and TV atoms to the 
MO is -1.44915 eV corresponding to an energy contribution from each atom that is 
25 equivalent to that of an independent methyl group, -0.72457 eV (Eq. (14.151)). The 
contributions are also the same as those for a primary amine group as given in the 
corresponding section. As in the case of benzene, the aromatic E r (cwu P ) and E D (<jmw) are 
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given by Eqs. (15.146) and (15.147), respectively, with f } = 0.75 . The breakage of the CNC 
bonds results in three unpaired electrons on the N atom. Thus, the corresponding E 
given by Eq. (15.60) was normalized for the two bonds per atom and for f x = 0.75 and was 

subtracted from the total energy of the C=W-bond MO in Eq. (15.147). The pyridine 
5 vibrational energies are similar to those of benzene [60]; thus, the value for benzene was 
used. 

The symbols of the functional groups of pyridine are given in Table 15.291. The 
corresponding designation of the structure is shown in Figure 69. The geometrical (Eqs. 
(15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. (15.6-15.11), 
10 (15.17-15.56), and (15.146-15.147)) parameters of pyridine are given in Tables 15.292, 
15.293, and 15.294, respectively. The total energy of pyridine given in Table 15.295 was 
calculated as the sum over the integer multiple of each .E D (o*up) of Table 15.294 

corresponding to functional-group composition of the molecule. The bond angle parameters 
of pyridine determined using Eqs. (15.79-15.108) are given in Table 15.296. 

15 

Table 15.291 . The symbols of functional groups of pyridine. 



Functional Group | Group Symbol 

3 c 

CC (aromatic bond) C~C 
CH (aromatic) CH 

3# 3e 

C a =N C = N 
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PYRIMIDINE 

Pyrimidine has the formula C i H^N 2 and comprises the pyridine molecule with one 

additional CH group replaced by a nitrogen atom which gives rise to a second C=N 
functional group that is equivalent to that of pyridine given in the corresponding section. The 

3* 

5 aromatic C=C and C-H functional groups are also equivalent to those of pyridine and 
benzene given in the Aromatic and Heterocyclic Compounds section with the aromaticity 

3* 

maintained by the electrons from nitrogen in the C=N group which is also aromatic. 

The symbols of the functional groups of pyrimidine are given in Table 15.297. The 
corresponding designation of the structure is shown in Figure 70. The geometrical (Eqs. 
10 (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. (15.6-15.11), 
(15.17-15.56), and (15.146-15.147)) parameters of pyrimidine are given in Tables 15.298, 
15.299, and 15.300, respectively. The total energy of pyrimidine given in Table 15.301 was 
calculated as the sum over the integer multiple of each E D [uro tip ) of Table 15.300 

corresponding to functional-group composition of the molecule. The bond angle parameters 
15 of pyrimidine determined using Eqs. (15.79-15.108) are given in Table 15.302. 

■ 

Table 1 5.297. The symbols of functional groups of pyrimidine. 

1 Functional Group [ Group Symbol I 

CC (aromatic bond) 

CH (aromatic) qjj 
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PYRAZINE 

Pyrazine has the formula C 4 H 4 N 2 and comprises the pyrimidine molecule with para 
rather than ortho aromatic nitrogen atoms. The C=N functional group is equivalent to that 

3* 

of pyrimidine and pyridine given in the corresponding sections. The aromatic C=C and 
5 C - H functional groups are also equivalent to those of pyrimidine, pyridine, and benzene 
given in the Aromatic and Heterocyclic Compounds section with the aromaticity maintained 

by the electrons from nitrogen in the C= AT group which is also aromatic. 

The symbols of the functional groups of pyrazine are given in Table 15.303. The 
corresponding designation of the structure is shown in Figure 71. The geometrical (Eqs. 
10 (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. (15.6-15.11), 
(15J7-15.56), and (15.146-15.147)) parameters of pyrazine are given in Tables 15.304, 
15.305, and 15.306, respectively. The total energy of pyrazine given in Table 15.307 was. 
calculated as the sum over the integer multiple of each E D (c,n>up) of Table 15.306 

corresponding to functional-group composition of the molecule. The bond angle parameters 
15 of pyrazine determined using Eqs. (15.79-15.108) are given in Table 15.308. 

Table 15.303. The symbols of functional groups of pyrazine. ' 

Functional Group 1 Group Symbol 1 



CC (aromatic bond) C =C 
CH (aromatic) CH 

it it 

C„=N C=N 
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QUINOLINE 

Quinoline has the formula C 9 H 7 N and comprises the naphthalene molecule with one 

3* 

CH group replaced by a nitrogen atom which gives rise to a C=N functional group. The 

3c 

aromatic C=C and C-H functional groups are equivalent to those of naphthalene given in 
the corresponding section with the aromaticity maintained by the electrons from nitrogen in 

3e 

the C=N group which is also aromatic. The C- C functional group is also equivalent to 
that of naphthalene. The bonding in quinoline can be further considered as a linear 

3e 

combination of the naphthalene and pyridine groups wherein the C=iV group is equivalent 
to that of pyridine, pyrimidine, and pyrazine as given in the corresponding sections. 

The symbols of the functional groups of quinoline are given in Table 15.309. The 
corresponding designation of the structure is shown in Figure 72. The geometrical (Eqs. 
(15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. (15.6-15.11), 
(15.17-15.56), and (15.146-15.147)) parameters of quinoline are given in Tables 15.310, 
15.311, and 15.312, respectively. The total energy of quinoline given in Table 15.313 was 
calculated as the sum over the integer multiple of each E D (<kwp) of Table 15.312 

corresponding to functional-group composition of the molecule. The bond angle parameters 
of quinoline determined using Eqs. (15.79-15.108) are given in Table 15.314. 

Table 15.309. The symbols of functional groups of quinoline. 



Functional Group | Group Symbol 



3« 

CC (aromatic bond) C=C 
CH (aromatic) CH 
C h - C h (bridging bond) C - C 
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ISOQUINOLINE 

Isoquinoline has the formula C 9 H y N and comprises the naphthalene molecule with 

one CH group replaced by a nitrogen atom which gives rise to a C-N functional group. 
Isoquinoline is also equivalent to quinoline with the nitrogen in the meta rather than the ortho 

position relative to the benzene ring of the molecule. The aromatic C=C and C-H 
functional groups are equivalent to those of naphthalene given in the corresponding section 

with the aromaticity maintained by the electrons from nitrogen in the C^N group which is 
also aromatic. The C-C functional group is also equivalent to that of naphthalene. The 
bonding in isoquinoline can be further considered as a linear combination of the naphthalene 

3c 

and pyridine groups wherein the C-N group is equivalent to that of pyridine, pyrimidine, 
pyrazine, and quinoline as given in the corresponding sections. 

The symbols of the functional groups of isoquinoline are given in Table 1 5.3 1 5. The 
corresponding designation of the structure is shown in Figure 73. The geometrical (Eqs. 
(15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. (15.6-15.11), 
(15.17-15.56), and (15.146-15.147)) parameters of isoquinoline are given in Tables 15.316, 
15.317, and 15.318, respectively. The total energy of isoquinoline given in Table 15.319 was 
calculated as the sum over the integer multiple of each E 0 (cn», P ) of Table 15.318 

corresponding to functional-group composition of the molecule. The bond angle parameters 
of isoquinoline determined using Eqs. (15.79-15.108) are given in Table 15.320. 

Table 15.315. The symbols of functional groups of isoquinoline. 



Functional Group | Group Symbol | 



CC (aromatic bond) C=C 
CH (aromatic) qjj 
c h " c h (bridging bond) q - C 
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INDOLE 

Indole having the fonnula C^H n N comprises a phenyl moiety with a conjugated five- 
membered ring which comprises pyrrole except that one of the double bonds is part of the 

3c 

aromatic ring. The structure is shown in Figure. 74. The aromatic C=C and C- H 
5 functional groups of the phenyl moiety are equivalent to those of benzene given in the 
Aromatic and Heterocyclic Compounds section. The CH ', NH , and C d = C e groups of the 
pyrrole-type ring are equivalent to the corresponding groups of pyrrole, furan, and thiophene 
where present as given in the corresponding sections. The C b -C d single bond of aryi 
carbon to the C d = C t bond is also a functional group. This group is equivalent to the 
10 C-C(0) group of benzoic acids with regard to tsE tt uo [AO I HO) in Eq. (15.42) and 

■ 

E r (atom- atom,msp i .AO) in Eq. (15.52) both being -1.29147 eV . This energy is a linear 

* ■ 

■ 

combination of — — , E T [atom- atom i msp\AO) of the C-H group that the 

C b -C d and C-C(0) groups replace, and that of an independent C2sp* HO, -0.72457 eV 

(Eq. (14.151)). However, as in the case of pyrrole, the indole hybridization term c 2 is the 

15 aromatic c 2 (benzeneC2sp 3 HO) = 0.85252 to match the aryl C2sp 3 HO, and the energy 

terms corresponding to oscillation in the transition state correspond to indole. 

As in the case of pyrrole, the C-W-C -bond MO comprising a linear combination 

of two single bonds is solved in the same manner as a double bond with n x = 2 in Eqs. 
(15.42) and (15.52). The hybridization factor c 2 [arylC2sp 3 HO to N) = 0.84665 (Eq. 
20 (15.152)) matches the aromatic character of the C2sp* HOs to the N atom of the NH 
group, and C 2 and C 2o in Eqs. (15.42) and (15.52) become that of benzene given by Eq. 
(15.143), C t (ben Z eneC2sp 3 HO) = 0.85252. Furthermore, LE H MO (AO I HO) in Eq. (15.42) 

and E r [atom- atom,msp\AO) in Eq. (15.52) are both -2.42526 eV which is a linear 

—1 13379 eV i \ \ 

combination of — : , E T [atom- atom,msp\AO) of the C-H group that the 

25 C c -N bond replaces, and ~1.85836<?K (Eq. (14.513)) which is equivalent to the 
corresponding component of the C-N-C -bond of pyrrole. 
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The symbols of the functional groups of indole are given in Table 15.321. The 
geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. 
(15.6-15.11) and (15.17-15.56)) parameters of indole are given in Tables 15.322, 15.323, and 
15.324, respectively. The total energy of indole given in Table 15.325 was calculated as the 
5 sum over the integer multiple of each E^&mp) of Table 15.324 corresponding to functional- 
group composition of the molecule. The bond angle parameters of indole determined using 
Eqs. (15.79-15.108) are given in Table 15.326. 

Table 15.321. The symbols of functional groups of indole. 



Functional Group | Group Symbol 

CC (aromatic bond) C=C 

CH (aromatic) CH (i) 

C d = C e double bond . . C = C 

CH CH (n) 

C -N-C C-N-C 
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ADENINE 

Adenine having the formula C 5 H S N S comprises a pyrimidine moiety with an aniline 
group and a conjugated five-membered ring which comprises imidazole except that one of 
the double bonds is part of the aromatic ring. The structure is shown in Figure. 75. The 

5 aromatic C=C, C-H , and C=JV functional groups of the pyrimidine moiety are 
equivalent to those of pyrimidine as given in the corresponding section. The NH 2 and 
C - N functional groups of the aniline moiety are equivalent to those of aniline as given in 

a o 

the corresponding section. The CH, NH, C d ~N e , and N e = C t groups of the imidazole- 
type ring are equivalent to the corresponding groups of imidazole as given in the 

10 corresponding section. The C-N-C functional group of the imidazole-type ring is 
equivalent- to the corresponding group of indole having the same structure with the 
C-N-C group bonding to aryl and alkenyl groups. 

The symbols of the functional groups of adenine are given in Table 15.327. The 
geometrical (Eqs. (15.1-15.5) and (15.42)), intercept (Eqs. (15.71-15.78)), and energy (Eqs. 

15 (15.6-15.11) and (15.17-15.56)) parameters of adenine are given in Tables 15.328, 15.329, 
and 15.330, respectively. The total energy of adenine given in Table 15.332 was calculated 
as the sum over the integer multiple of each E D (c™p} of Table 15.330 corresponding to 
functional-group composition of the molecule. The bond angle parameters of adenine 
determined using Eqs. (1 5.79-1 5.108) are given in Table 1 5.332. 

20 

Table 15.327. The symbols of functional groups of adenine. 



I Functional Group ~ | Group Symbol 



3e 

CC (aromatic bond) C=C 

CH (aromatic) CH (i) 

3* 3e 3c 

C b ^N c C a ,,=JV t C=N 

C a -N a C-N(a) 

NH 2 group NH i 

N, = C, double bond N = C 

C-N ' C-N(b) 

NjH group NH 

CH CH (ii) 

C-tf.-C C-N-C 
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While the claimed invention has been described in detail and with reference to 
specific embodiments thereof, it will be apparent to one of ordinary skill in the art that 
various changes and modifications can be made to the claimed invention without departing 
from the spirit and scope thereof. 



